OCT has revolutionized the practice of ophthalmology over the past 10e20 years. Advances in OCT technology have allowed for the creation of novel OCT-based methods. OCT-Angiography (OCTA) is one such method that has rapidly gained clinical acceptance since it was approved by the FDA in late 2016. OCTA images are based on the variable backscattering of light from the vascular and neurosensory tissue in the retina. Since the intensity and phase of backscattered light from retinal tissue varies based on the intrinsic movement of the tissue (e.g. red blood cells are moving, but neurosensory tissue is static), OCTA images are essentially motion-contrast images. This motion-contrast imaging provides reliable, high resolution, and non-invasive images of the retinal vasculature in an efficient manner. In many cases, these images are approaching histology level resolution. This unprecedented resolution coupled with the simple, fast and non-invasive imaging platform have allowed a host of basic and clinical research applications. OCTA demonstrates many important clinical findings including areas of macular telangiectasia, impaired perfusion, microaneurysms, capillary remodeling, some types of intraretinal fluid, and neovascularization among many others. More importantly, OCTA provides depth-resolved information that has never before been available. Correspondingly, OCTA has been used to evaluate a spectrum of retinal vascular diseases including diabetic retinopathy (DR), retinal venous occlusion (RVO), uveitis, retinal arterial occlusion, and age-related macular degeneration among others. In this review, we will discuss the methods used to create OCTA images, the practical applications of OCTA in light of invasive dye-imaging studies (e.g. fluorescein angiography) and review clinical studies demonstrating the utility of OCTA for research and clinical practice.
Introduction
Optical Coherence Tomography (OCT) is a non-invasive, interferometric imaging modality that enables in vivo imaging of the retina in cross-section (Drexler and Fujimoto, 2008) . Since its original introduction in 1991 (Huang et al., 1991) , OCT has been used to quantitatively evaluate retinal thickness and assess qualitative anatomic changes such as the presence or absence of many pathologic features, including intraretinal and subretinal fluid. The original implementation of OCT used time-domain technology (TD-OCT) that required a moving reference mirror. Therefore, TD-OCT only allowed~400 A-scans per second and was commonly used to evaluate only 6 evenly spaced radial line scans that intersected at the fovea. The resolution of TD-OCT was also limited to 10e15 mm under the most ideal circumstances. The overall acceptance and clinical utility of TD-OCT was limited until the implementation of broad-band spectral domain technology (SD-OCT), a Fourier domain (FD-OCT) methodology, allowed 20,000e40,000 A-scans per second. This significantly improved the field-of-view and image resolution (~3e5 mm) and decreased motion artifact. Subsequent advances such as swept-source OCT (SS-OCT) incorporate a long wavelength and narrow-bandwidth source that is swept through a broad range of optical frequencies allowing very high spatial resolution and improved tissue penetration. The high cost of SS-OCT technology has limited wide-spread commercial and clinical acceptance of this method to date. Many additional improvements in OCT methods such as phase-sensitive OCT (Schwartz et al., 2014 , Wang et al., 2007a Wang et al., 2006) , polarization-sensitive OCT , spectroscopic OCT (Kim et al., 2015) , and OCT Angiography (OCTA) (Ferrara et al., 2016) have been developed in recent years. These methods hold the promise of combining structural information with information about the function of the retinal tissue, and possibly of assessing tissue metabolism as well. A detailed review of each of the many OCT methods is beyond the scope of this review article, but the brief history of OCT provided above describes the overall context in which OCT angiographic methods have been developed.
The purpose of this article will be to review the recent developments in the use of OCT technology for non-invasive assessment of the retinal vasculature in health and disease with a particular emphasis on OCTA, whose role in the field of ophthalmology is only beginning to be defined. We will begin with a technical discussion of the various methods employed for OCTA, in order to lay the foundation for understanding its strengths and limitations. To understand the best applications of this method, we further compare and contrast it with current standard-of-care methods, including fluorescein angiography (FA) and indocyanine green angiography (ICG) . The review concludes with a discussion of published articles in disease-specific categories that illustrate the strengths and limitations of OCTA, as well as highlight some of the novel findings OCTA has enabled.
Principles of optical coherence tomography angiography
Since OCTA is a technique that is based on OCT, a brief review of current OCT methodology is necessary as a prelude to the discussion of OCTA methods. OCT obtains depth-resolved tissue reflectivity characteristics by detecting the interference signal formed between the light reflected from the reference mirror and light backscattered from the biological sample. By changing the position of the reference mirror, the intensity of backscattered light from tissue can be detected from different depths in the tissue sample. A sequence of echoes originated from various depths form an intensity profile in the axial direction (A-scan), and optical crosssections (B-scans) are assembled by scanning the OCT beam in the transverse direction. Since time-encoded signals are obtained in this manner, this approach is referred to as time-domain OCT (TD-OCT) (Marschall et al., 2011) .
With hardware advancements and technical developments, later OCT devices detect the backscattered signals from biological tissues in the frequency domain with either a broad-bandwidth light source, a charge-coupled device (CCD) camera, and a spectrometer (spectral-domain OCT or SD-OCT), or by sweeping through a range of optical frequencies (swept-source OCT or SS-OCT) Choma et al., 2003; de Boer et al., 2003; Leitgeb et al., 2003a Nassif et al., 2004; Wojtkowski et al., 2004) . SD-OCT typically uses an 800e900-nm wavelength source, and its scan speed ranges from 40 to 100-kHz. SD-OCT has increased sensitivity roll-off with depth as compared to SS-OCT (Miller et al., 2017; Zhang et al., 2017b) . Also, shorter wavelengths are more prone to scattering and attenuation; thus, they penetrate into tissue less than the longer wavelengths used in the SS-OCT devices. SS-OCT devices typically use wavelengths above 1000-nm and operate at speeds equal to or greater than 100-kHz (Drexler and Fujimoto, 2008; Ploner et al., 2016) .
For both SD-and SS-OCT enabled devices, frequency information of interference signal from all depths at a given spatial position in the tissue can be acquired without a need for physically moving the reference mirror. This information can then be converted into an intensity profile by Fourier-transform, which represents the tissue depth reflectivity profile. Fourier-domain algorithms are applicable to both SD-and SS-OCT enabled devices. The implementation of a light source with a broader bandwidth enhances the axial resolution from 10 mm to 2 mm, and the introduction of the spectrometer or sweeping frequencies improves the image acquisition speed (from 400 A-scans/s to between 26,000 and 100,000 Ascans/s) (Drexler and Fujimoto, 2008; Gabriele et al., 2010; Grulkowski et al., 2012; Leung, 2014) . With the improvements of scanning speed and resolution in FD-OCT, collecting 3D scans of biological tissues has become more feasible. More information from biological tissues can be acquired in a relatively shorter amount of time, allowing for more detailed visualization of biological structures. With all of its advantages, OCT has emerged as an important tool in both the quantitative and qualitative assessment of tissue structure. Clinically, it has become indispensable in the routine diagnosis and management of disease, especially as it pertains to ophthalmology (Drexler and Fujimoto, 2008) .
OCTA is a new imaging technique based on OCT which allows for the visualization of functional blood vessels in the eye. The principle of OCTA is to use the variation in OCT signal caused by moving particles, such as red blood cells (RBC), as the contrast mechanism for imaging blood flow (Wang et al., 2007b; Zhang et al., 2015a,b; . In order to conceptualize this, imagine two OCT signals, one is backscattered from static structural tissue and the other is backscattered from the moving RBCs in vessels (Fig. 1) . The signal from the structural tissue remains steady, while the signal from the flowing blood changes over time due to the constant motion of the RBCs. To differentiate the moving particles from static tissue, repeated scans are performed at the same location. Temporal changes of the OCT signal in subsequent scans caused by the moving particles generate the angiographic contrast, providing the opportunity to visualize the microvasculature. Notably, any moving particle may generate a motion contrast signal; however, the predominant movement in retinal tissue is from the RBCs. For example, lipid particulates in solution generate OCTA signals as a result of Brownian-like motion (Fingler et al., 2007) . After Fourier transform, the OCT signal contains amplitude (intensity) and phase information, and so several algorithms have been developed for OCTA technique in order to utilize different components of the OCT signal. They can be separated into three categories: (1) phase-signal-based OCTA, (2) intensity-signal-based OCTA, and (3) complex-signal-based OCTA.
2.1. Phase-signal-based OCTA techniques 2.1.1. Doppler OCT Following the invention of OCT, the notion of utilizing OCT techniques to measure blood flow velocities noninvasively emerged in the mid-1990s. Based on TD-OCT, Chen et al. developed an optical technique for noninvasive imaging of in vivo blood flow dynamics and tissue structures by combining Doppler velocimetry with OCT (Chen et al., 1997) . In the same year, Izatt et al. demonstrated a bidirectional color Doppler imaging technique for visualizing flow in biological tissues by employing coherent signal-acquisition electronics and joint time-frequency analysis algorithms to perform flow imaging simultaneous with conventional OCT images (Izatt et al., 1997) . The central hypothesis for Doppler OCT is that if a sample interface moves axially at a constant speed v S , the backscattered OCT signal experiences a frequency or phase shift, f D , called the Doppler shift, and that phase shift is additive to the carrier/heterodyne interference frequency associated with the reference arm (Leitgeb et al., 2014; Zhang et al., 2015a,b) .
To detect the Doppler shift in a TD-OCT signal, a short-time Fourier-transform algorithm is applied to extract the phase information, and a small window sliding across an A-scan is used to acquire the local frequency shifts at various depths. However, this approach is computationally expensive and reduces the axial resolution for imaging flow. Therefore, it cannot be applied for in vivo real-time flow measurements (Proskurin et al., 2003; Leitgeb et al., 2014) .
The introduction of Fourier-domain based OCT systems brought a dramatic change in Doppler OCT development. The significantly increased scanning speed of FD-OCT enables higher in vivo flow detection sensitivity, without compromising image quality (Leitgeb et al., 2003b) . In 2002, Leitgeb et al. demonstrated the first functional extension of FD-OCT for measuring blood flow and showed the high phase sensitivity of the method . With FD-OCT, the blood flow information can be easily acquired by calculating the changes in the phase signals between adjacent Ascans.
Although Fourier-domain based Doppler OCT significantly improved the sensitivity, image quality, and scanning speed, there were still some drawbacks associated with it. First, it cannot detect flow if the vessels are perpendicular to the incident OCT beam. Second, the Doppler shift is vulnerable to the movement of the sample. In order to obtain precise phase differences for accurate measurements of blood flow velocity, it is important to minimize the phase differences caused by the bulk motion of the sample. Oftentimes, this is difficult to achieve because unavoidable sample movements occur during in vivo imaging (Makita et al., 2006) .
Despite this limitation, in 2006, Makita et al. reported a noninvasive retinal angiography imaging technique based on Doppler OCT, called optical coherence angiography. Two mechanisms were proposed to minimize the sample movement in the axial direction: (1) compensation of the axial shift between adjacent A-scans within one B-scan using histogram-based bulk motion Doppler shift compensation, and (2) compensation of the motion between adjacent B-scans using the cross-correlation of particular A-scans of interest. After tissue motion compensation, the angiography was obtained as the average of Doppler OCT and power Doppler, which was defined as the power of the phase difference between adjacent A-scans (Makita et al., 2006) . Their approach is regarded as the first phase-signal-based OCTA technique.
Doppler OCT is insensitive to microcirculation, and visualization has typically been limited to major veins and arteries (Leitgeb et al., 2003b; Makita et al., 2006; An and Wang, 2008; Szkulmowska et al., 2009; Tao et al., 2009) . A dual-beam scanning strategy was proposed to improve the sensitivity in measuring the blood flow for Doppler OCT (Makita et al., 2011; Zotter et al., 2011) . The use of two individual sample arm beams relaxed the constraint of requiring dense A-scans, which widened the time separation between two Ascans as well as the velocity measurement range.
Phase-variance OCT
Doppler OCT and optical coherence angiography demonstrate the original paradigm of OCT-based angiography. Based on a similar idea, Fingler et al. developed a motion contrast technique based on FD-OCT to visualize the vasculature in zebrafish (Fingler et al., 2007) , and subsequently in the retina and choroid of the mouse (Fingler et al., 2008) . They then adapted the technique for human retinal imaging (Fingler et al., 2009) . By measuring the phase variance between adjacent B-scans, the motion-contrast technique, called phase-variance OCT, is capable of visualizing a wider range of velocities and flow orientations than Doppler OCT (Fingler et al., 2009 ). The flow signal in phase-variance OCT is calculated based on the following equation:
where N represents the repetition number of B-scans at the same location, F i ðx; z; tÞ and DF i ðx; z; tÞ indicate the phase value and phase difference in the i-th B-scans at lateral location x, depth position z, and time t, T is the time interval between two consecutive B-scans, and i is the index of the i-th B-scan. With a proper choice of the repeated scanning along the B-scan, e.g. B-M scan, the time interval between two A-scans that are used for phase measurement is significantly increased. As a consequence, the sensitivity to slower flow and microcirculation is dramatically increased, even though the velocity information of the flow is lost. By using phase-variance, instead of phase-resolved difference, the detected vasculatures have less dependence on vessel orientation and flow velocity (Zhang et al., 2015a,b) . Kim et al. (Kim et al., 2011) reported a faster phase-variance OCT system that had an image acquisition A-scan rate of 125 kHz and a larger field of view for human retinal circulation imaging. Schwartz and his colleagues later demonstrated the angiogram from phase-variance OCT obtained from patients with dry age-related macular degeneration (AMD), exudative AMD, and nonproliferative diabetic retinopathy (NPDR) Fig. 1 . Illustration of OCTA scanning methodology and signal processing scheme. This figure illustrates the theoretical difference in the behavior of OCT beams that interact with retinal tissue depending whether the beams strike blood vessels or neurosensory retinal tissue. At time T1, two OCT beams are incident on the retinal tissue. Beam A1 (red) strikes a retinal artery while beam A2 (blue) strikes adjacent neurosensory retinal tissue that is static. Each beam is back-scattered and generates an A-scan signal shown in the middle. Similarly, at time T2 another scan is performed and illustrated. The interaction of the incident light from beam A1 with moving red blood cells causes more variability in the OCT signal from beam A1 as illustrated in the A-scan signal traces. These signals are then "averaged" as shown by the black arrows to generate a composite OCTA signal that is illustrated in the far right of the panel. The increased variability of the OCT signal from beam A1 is illustrated and is localized to the regions where red blood cell movement occurred. A sample B-scan is illustrated in the lower right of the panel. (Schwartz et al., 2014) . By correcting the lateral and axial motion of the eyes, the phase noise was significantly reduced. Highresolution volumetric images of the retina and choroid were presented. Areas of geographic atrophy and choroidal neovascularization (CNV), imaged by FA, as well as regions of capillary nonperfusion from DR were also depicted by phase-variance OCT (Schwartz et al., 2014) . Kurokawa et al. further proposed using Doppler power imaging with adaptive optics. In their methods, the flow signal intensity was determined by the squared power of the Doppler shift. With the use of adaptive optics, the sensitivity to flow signal remained similar, while an increased lateral resolution for vascular imaging was observed (Kurokawa et al., 2012) .
2.2. Intensity-signal-based OCTA techniques 2.2.1. Speckle-variance OCT Doppler OCT initiated the functional extension of the OCT technique. However, the technique suffered from an angular dependence of the measured blood flow and it was insensitive to the flow perpendicular to the scanning beam (Barton and Stromski, 2005; Enfield et al., 2011) . In order to resolve this issue, Barton and Stromski developed an alternative method to extracting flow information (Barton and Stromski, 2005) . Based on a TD-OCT system with Doppler capability, their method measured the speckle change in the OCT signal (Barton and Stromski, 2005) . It has been shown that the speckles in OCT signals play a dual role; both as a source of noise and as a carrier of information about tissue microstructure and flow (Schmitt et al., 1999) . Adopting the idea from laser speckle technique, Barton and Stromski hypothesized that the flow measurement techniques developed for laser speckle could be adapted to flow measurements in OCT (Barton and Stromski, 2005) . By measuring the speckle variance within the adjacent 4-pixel region using only the amplitude information in the OCT signal, the authors were able to successfully visualize the flow image in an in vitro tube phantom and in in vivo hamster skin. This was the first time speckle analysis was applied to OCT images in order to determine depth-resolved flow (Barton and Stromski, 2005) . Later, Mariampillai et al. used a similar speckle variance concept based on FD-OCT to image the microcirculation, demonstrating that speckle variance OCT could detect vessel sizedependent vascular shutdown and transient vessel occlusion during photodynamic therapy (Mariampillai et al., 2008) . By imaging the same transverse location several times, the inter-frame speckle variance signal can be acquired using the following equation:
where N represents the repetition number of B-scans at the same location, I i ðx; zÞ indicates the intensity value in i-th B-scans at lateral location x, depth position z, and I mean ¼ 1 N P N i¼1 I i ðx; zÞ is the average of the intensity values over the same set of pixels. The proposed method was further optimized in the separation interval (by adjusting number of repetition or field of view) to improve the image contrast and signal-to-noise ratio for visualizing microcirculation in tissues with both low and high bulk motion (Mariampillai et al., 2010) .
Recently, Xu et al. developed a hardware-accelerated speckle variance OCT for visualizing blood flow in the human retina . The proposed speckle variance OCT was based on a custom-built SS-OCT system, which operated at an A-line rate of 100-kHz. With the help of graphics processing units, the reported system allowed for the visualization of blood flow in the human retinal capillary network in real-time. Comparing it with FA, the capillary density detected in speckle variance OCT appeared greater than FA. In addition, speckle variance OCT was able to identify the terminal capillaries around the foveal avascular zone (FAZ) with greater precision. Mammo et al later investigated the utility of speckle variance OCT by comparing the retinal capillary network around the FAZ in normal human eyes and donor eyes using FA and confocal scanning laser microscopy. Yu et al focused on the radial peripapillary capillaries in the peripheral region around the disc. The results demonstrated that speckle variance OCT was able to stratify the foveal circulation into inner and deep capillary plexuses as well as reliably and reproducibly quantify and assess the morphometric dimensions of the human FAZ Yu et al., 2015) . The morphological characteristics of RPE on speckle variance OCT were comparable to histological images Yu et al., 2015) . These further highlighted the utility of speckle variance OCT for human retina imaging.
Correlation-mapping OCT
Another intensity-signal-based OCTA method was introduced by Jonathan et al and Enfield et al. in 2011. By taking advantage of the time-varying speckle effect and after observing the phenomenon that vascular regions and their immediate vicinities show stronger speckle signals as compared to the non-flow regions (static tissue), Jonathan et al. proposed a simpler method to detecting the flow signal . They calculated the correlation of OCT signals between adjacent scans; therefore, the method was named correlation mapping . Since flow regions showed lower correlation coefficient values and static tissues showed higher correlation magnitudes, it is possible to distinguish micro-vasculatures from static tissues by estimating its correlation with a set threshold. Multiple B-scans were captured at the same transverse location for mouse brain in vivo through a cranial window, while Enfield et al. adjusted to 2 B-scans for human volar forearm). The flow signal was further acquired by cross-correlating a grid from frame A (I A ) to the same grid from frame B (I B ) using the following equation where M and N indicate the grid size and I is the mean intensity value within the grid. The same notation as we showed before, I i ðx; zÞ, indicates the intensity value in i-th B-scans at the lateral location x and depth position z. The grid is then shifted across the entire B-scan and a two-dimensional (2D) map is generated. The correlation values ranged from À1 to 1, where 0 indicated weak correlation and À1 and 1 indicated strong inverse correlation and strong correlation, respectively. The grid size used in the study was arbitrarily chosen for optimal image quality. Larger grid sizes lead to higher signal-to-noise ratios, but may also result in longer processing times, blurring effects, and loss of smaller vessels. In their first demonstration, correlation mapping successfully showed the capillary pattern in a multi-layered capillary tube phantom as well as in the capillary networks of mice brains and human volar forearms. Later, McNamara et al. (McNamara et al., 2013) employed the same correlation mapping technique to full-field OCT to perform non-scanning en face flow imaging from pairs of en face images. In contrast with most OCT approaches, full-field OCT directly takes 2D en face images with megapixel cameras (Dubois et al., 2002) . Since the large depth-of-field information is omitted, full-field OCT is able to provide 2D or 3D images with a resolution of 1 mm, at least matching the cellular resolution in skin tissue (Dalimier and Salomon, 2012) . The study demonstrated the first application of correlation mapping to full-field OCT to provide in vivo functional imaging of blood vessels (McNamara et al., 2013) .
Split-spectrum amplitude-decorrelation angiography (SSADA) algorithm
Based on the same time-varying speckle effect concept, Jia et al. (Jia et al., 2012b,c) improved the correlation mapping method by proposing a split-spectrum amplitude-decorrelation angiography (SSADA) algorithm to extract the flow signal and to distinguish vessels from static tissues in 2012. In contrast to correlation mapping, the amplitude decorrelation algorithm generates the flow signal by measuring the decorrelation between two consecutive Bscans. In order to reduce the noise caused by tissue bulk motion, they further employed split-spectrum algorithm to diminish the sensitivity in the axial direction to pulsatile bulk motion (Zhang et al., 2015a,b) and combined split-spectrum with amplitude decorrelation to improve the signal-to-noise ratio. With SSADA, the full OCT spectrum was split into several narrower bands, the inter-B-scan decorrelation was computed for each sub-band, and it was subsequently averaged to get the final flow signal, as shown in the following equation: where M is the number of split-spectrums, N indicates the repetition number of B-scans at the same location, and I im ðx; zÞ indicates the intensity value in i-th B-scans of m-th split-spectrum at lateral location x and depth position z. By increasing the number of splitspectrums, the decorrelation signal-to-noise ratio can be improved without increasing the scan acquisition time. The optimized number for split-spectrum was later discovered to be 9 Gao et al., 2016b) . Due to the spectrum splitting for contrasting blood flow, the axial resolution of SSADA method is reduced to typically three times lower resolution than that of conventional OCT images. For example, if the OCT system used for angiographic imaging is designed with an axial resolution of 5 mm microns, then SSADA algorithm results in~15 mm axial resolution for flow
imaging.
It has been demonstrated that the SSADA algorithm is able to detect retinal vessels and capillary networks in the macular and optic disc regions of the human retina, and it can be used to differentiate diseased eyes from normal controls for glaucoma and retinal diseases including AMD (Jia et al., 2014a; Jia et al., 2014b; Hwang et al., 2015; Jia et al., 2015a,b; Liu et al., 2015b; Spaide, 2015; Spaide et al., 2015c,d,e; Chalam and Sambhav, 2016 The third category utilizes both the intensity and phase information of the OCT signal, i.e. coherent information, in order to calculate the flow signal. The representative of complex-signalbased OCTA technique is optical microangiography, proposed first by (Wang et al., 2010b and later refined into its current implementation in 2010 (Wang, 2010; Wang et al. 2010a,b) . Even though using the phase change, caused by moving particles, to calculate the flow signal is vulnerable to bulk motion and may easily be affected by the Doppler angle, measuring the flow signal only based on intensity information may decrease the sensitivity of flow detection if the induced change only happens in the phase signal. Therefore, Wang et al. included both the phase and intensity components of the OCT signal in the flow signal calculation in order to increase its sensitivity. With the help of phase compensation methods, the phase variation induced by pulsatile bulk motion can be reduced Thorell et al., 2014b) . After phase compensation, the flow signal based on the OMAG algorithm is calculated by subtracting consecutive complex signals, as shown in the following equation:
where N indicates the repetition number of B-scans at the same location, and C i ðx; zÞ indicates the complex signal (having both intensity and phase values) in i-th B-scans at lateral location x and depth position z. As indicated in the equation, the final flow intensity is obtained by calculating the average of the absolute values of the complex signal differences in each B-scan pair, i.e. the coherent averaging. With the use of the Hilbert transformation, OMAG is also able to discriminate the directions of the moving blood cells relative to the incident OCT beam direction (Wang, 2010) , and therefore, OMAG can provide the flow image either with or without directional information.
Considering the trade-off between the scanning time and the number of B-scan repetitions (more repetitions can provide a higher signal-to-noise ratio), they achieved high flow image quality with 4 B-scan repetitions at the same location in its first demonstration. It was later reported that 2 B-scans at the same location would also be able to detect the capillary network with good image quality .
Optical microangiography has been used to illustrate the microcirculation in mice brains (Wang, 2010) , human skin tissue beds , and human retina (Wang et al., 2010a , b, An et al., 2011 . With its high sensitivity in detecting retinal capillaries, choriocapillaris, and radial retinal capillaries, it was later demonstrated to be capable of differentiating diseased eyes from normal eyes (Thorell et al., 2014b; Zhang, et al. 2015c; Bojikian et al., 2016; Chen et al., 2016c; Zhang et al., 2016c) . Thus, it may add insightful information to disease developments.
Multiple signal classification OMAG
In addition to OMAG, Yousefi et al (Yousefi and Wang, 2014 ) proposed a multiple signal classification OMAG method, which is a super-resolution spectral estimation method based on the principle of orthogonality, to detect the flow signal. The proposed method modeled the OCT signal at each voxel as a superposition of three independent components: tissue signal (stationary and slowly moving tissue structures), hemodynamic signal (mostly comes from moving red blood cells), and noise (system noise and shot noise). By applying eigen-decomposition (Yousefi et al., 2011) , the multiple signal classification OMAG method is capable of decomposing the backscattered OCT signal into orthogonal basis functions and distinguishing the flow signal caused by moving RBCs from static tissue and noise. The flow signal obtained using this approach enabled the visualization of functional microvascular networks within skin tissue in vivo, and it was shown to be correlated with the product of the concentration and flow velocity of blood (Zhang et al., 2015a,b) . The more important feature of this method is its adaptive nature: it rejects the static tissue signal in order to contrast the blood flow signal. This is achieved because it suppresses the static tissue signal according to the Eigen components in the ensemble signal composition. Therefore, unlike conventional OMAG, the multiple signal classification OMAG method does not require phase-compensation due to bulk tissue movement in order to achieve OCT angiograms of scanned tissue volume.
Imaginary part-based correlation mapping OCT
To solve the blurry side effect that is introduced after the correlation window size is increased for a higher signal-to-noise ratio in correlation mapping of OCT images, Chen et al (Chen et al., 2015) proposed an imaginary part-based correlation mapping OCT to reconstruct microcirculation maps with higher flow image quality and smaller vessel detection sensitivity. In their method, a complex analytic signal in the spatial domain was obtained by performing Fourier transform in the wavenumber domain. The extracted imaginary part of an OCT signal, i.e. the complex OCT signal, was later correlated between consecutive B-scans to get the flow information. In order to suppress the false flow signal caused by tissue motion, an intensity OCT signal-based sub-pixel crosscorrelation registration and the Kasai estimator were applied to register between two B-scans before the correlation calculation, similar to phase compensation of bulk tissue motion. The imaginary part-based correlation was then calculated using the following equation:
where M and N indicate the grid size, and C is the mean complex value within the grid. The same notation as we showed before, C i ðx; zÞ indicates the intensity value in i-th B-scans at the lateral location x and depth position z. The same as what is done in intensity-based correlation mapping OCT, the grid was shifted across the entire image to obtain a 2D correlation map. The correlation values range from À1 to 1, with the value of 0 indicating a weak correlation, and the values of À1 and 1 indicating a strong inverse-correlation and a strong correlation, respectively. Similar to the concept of OMAG, since complex signals contain both intensity and phase information, the phase changes caused by the displacements of curve form of RBCs, which does not change the intensity, is able to be detected. Therefore, imaginary part-based correlation mapping OCT is more sensitive to motion, and it can provide improved sensitivity for extracting blood flow information in small vessels. The proposed method was tested with an in vitro phantom and an in vivo mouse ear. Compared with intensity-based correlation mapping OCT, their results showed small blood vessels, which were missed by the conventional correlation mapping OCT method. This is the first study that introduced phase information into conventional intensity-based correlation mapping in order to increase the sensitivity for small vessels and signal-to-noise without increasing the grid size.
Imaging artifacts in OCTA
Image artifacts in OCTA are in many ways similar to, and derived from, artifacts that occur in OCT. In general, image artifacts in OCTA occur as a result of one or more of the following: (1) the scanning methodology used to generate the motion contrast signal, (2) data processing, (3) movement of the eye, and (4) the intrinsic properties of the eye and pathology. An extensive discussion of these artifacts is already available (Spaide et al., 2015a,b) and a more synthesized review is presented below with particular emphasis on projection artifacts.
OCTA images are generally made by repeating B-scans over the same tissue location 2 or more times. Therefore OCTA images require either more time to scan the same area of retina as a standard SD-OCT or a smaller field-of-view. In either case, the need for repeating B-scans in the exact same location makes OCTA imaging much more sensitive to both axial and transverse motion artifact from microsaccades, breathing, and cardiac cycle pulsations. Commercial systems compensate for these artifacts by implementing motion-tracking technology and post-processing image registration software. In addition, some OCTA image processing methods, such as SSADA, use reduced axial resolution with averaging to minimize the appearance and effect of these movement artifacts as discussed below . The adoption of faster OCT systems, such as SS-OCT, will also minimize the effect of increased scan times and motion artifact.
Another major source of artifacts in OCTA images is derived from the combination of the structure of retinal vessels and the source of OCTA signal. The flow signals detected by OCTA techniques are based on differentiating the backscattered OCT signals from the tissue and vessels. When the incident OCT beam hits a blood vessel, the light beam can be reflected, refracted, absorbed, or passed through the vessel. The light passing through moving blood can further encounter tissues below the vessels. When the underlying tissue is hypereflective, such as the retinal pigment epithelium, light will be backscattered again, which inevitably generates false or ghost blood flow signals (Spaide et al., 2015a,b) . On the other hand, it may be more difficult to detect blood flow in the regions surrounding and under hyporeflective lesions (such as intraretinal fluid pockets or floaters). Given the 3D nature of OCT, the fluctuating shadows from flowing blood cells in the superficial vessels will also cast extra flow signals to the deeper vascular networks, generating false vessel networks when producing the en face flow images of deeper retinal tissue. This effect is called an OCTA (Zhang et al., 2015a,b; Zhang et al., 2016a,b) . These artifacts are observed in structures that are located below the vasculature, and may either limit our ability to visualize true retinal vessels in the same region or may erroneously suggest there is a vessel where in fact there is none. This is particularly problematic in the detection and measurement of choroidal neovascularization as well as the implementation of quantitative metrics, which we discuss in detail below.
To minimize the projection artifacts in the outer retinal avascular space (defined as the space between the outer plexiform layer to Bruch's membrane), Zhang et al. (Zhang et al., 2015a,b) proposed a model to mimic the angiogram. The hypothesis was that the projection artifacts appearing in the en face flow images of the outer retinal avascular space came from the blood vessels in the retina. Thus, the detected flow signals in the outer retinal avascular space were a combination of the actual flow signal and the projection artifacts from the superficial retinal vasculature, which can be represented as the following equation: Therefore, the true flow signals in the outer retinal avascular space can be acquired by subtracting the retinal flow signals, with proper scaling, from the detected flow signals in the outer retinal avascular space. Due to the hyper-reflection signal observed from the RPE, the performance of the artifact removal algorithm can be substantially improved if the structural signal of the outer retinal avascular space is considered into the formulation of the algorithm (Zhang et al., 2015a,b) . This has been particularly useful in the visualization of choroidal neovascular lesions. The proposed method successfully removed the projection artifacts in the outer retinal avascular space, demonstrated the avascular layer in a normal eye, and revealed the outer retinal neovascularization in an eye with Type 1 CNV. With a similar concept, Liu et al. (Liu et al., 2015) removed the projection artifacts in the deeper retinal layer by subtracting the inner retinal angiogram (retina slab from inner limiting membrane to the outer plexiform layer) from the outer retinal avascular layer. Afterwards, a saliency algorithm was applied to detect the choroidal neovascularization region for area measurements.
Contrary to the slab-subtraction methods, Zhang et al. proposed a project-resolved algorithm to remove the projection artifacts in OCTA (Zhang et al., 2016a,b) . The authors observed that the intensity of projected or false flow signals from individual A-scans are almost always weaker than the actual flow signals. Based on this observation, they designed a method to search for successive higher peaks in the normalized decorrelation value, from the end of each peak towards the deep tissue along each A-scan. The highest peak then effectively identifies the real vessels and allows for the removal of the projection artifacts. The authors concluded that unlike the slab-subtraction methods (Liu et al., 2015; Zhang et al., 2015a,b ) the projection-resolved algorithm eliminated the projected signals in the cross-sectional images, preserved vessels hidden under large retinal vessels, and did not need the information of pre-defined superficial retinal layer (SRL) boundaries. The result of this algorithm was called projection-resolved OCTA.
Projection-resolved OCTA may be able to preserve the continuity of vessel networks and capillary plexuses after saliency algorithm processing, and it provides more information than the standard OCTA.
Ability to quantify blood flow versus capillary anatomy
The ability to noninvasively visualize microvascular flow in vivo and to display pathologic changes related to disease progression using OCTA has been well established. However, the quantitative relationship between the flow signal and the flow volume or "blood flow" information is still not clear. To investigate the relationship between the OMAG signal and flow information, Choi et al. developed a simplified analytic model and tested it with simulation and in vitro microfluidic flow phantom by varying preset flow parameters. In this model, the intralipid concentration varied from 1% to 4% with velocity ranging from 1-mm/s to 4-mm/s (with 1-mm/s increments). In the proposed analytic model, the difference of complex OCT signals could be viewed as the product of concentration (i.e. how many particles within one scanning voxel) and flow velocity (from amplitude decorrelation), representing the concept of flux (i.e. the number of particles passing through a unit cross-section within a unit of time). The results from the simulation and the in vitro microfluidic phantom supported each other, and indicated that (1) the OMAG signal intensity had a linear relationship with flow velocity within a certain velocity range that is dependent on the OCT B-scan rate. When the time interval between successive B-scans is 50-ms, the OMAG signal is approximately linear to flow velocity (ranging from 0.3 to 5-mm/s), and (2) the OMAG signal intensity is linearly proportional to the intralipid concentration. However, in the current commercial OMAG protocol parameters, the separation time between two consecutive B-scans is about 3.4-ms. At this time scale, the saturation velocity is lower than 0.3-mm/s for a spectral-domain OCT with a center wavelength of 840-nm (that is commercially used for SD-OCTA devices). It has been observed that the velocity of RBCs in normal human retinal capillaries ranges from 0.3 to 3.3-mm/s (Bedggood and Metha, 2012) , and therefore, the OMAG signal may be saturated and only related to information regarding the red blood cell concentration.
On the other hand, Tokayer et al. (Tokayer et al., 2013a,b) tested the relationship between SSADA signal and blood flow velocity using an in vitro phantom experiment with whole blood to mimic in vivo retinal imaging. They found that the decorrelation signal and the flow velocity had a linear relationship when the time interval between two consecutive A-scans ranged approximately from 56 to 280-ms. When the flow speed reached 2-mm/s, the SSADA decorrelation signal reached saturation, i.e. the SSADA decorrelation value would be independent of the velocity change, with an A-scan time interval around 500-ms. Their results also indicate that with the clinical SD-OCTA imaging protocol, where the time interval between two consecutive B-scans is around 2e3-ms, it is difficult to absolutely quantify flow using OCTA images at present. The easily saturated relationship of OCTA flow signal may be improved with current OCT devices by using an M-mode scan protocol or by using an ultrafast OCT system that provides a shorter inter-frame time interval. In contrast to an A-scan, an M-mode scan, repeatedly captures multiple A-scans at the same point in a short amount of time before moving on to the next sampling location.
Although the time interval of millisecond scale between consecutive B-scans reached the plateau of the relationship curve between the OCTA signal and blood flow velocity, Choi et al. (Choi et al., 2015) noticed that increasing the time interval between adjacent B-scans increases the sensitivity of flow detection. Choi and colleagues used their custom-built ultrahigh-speed SS-OCT system to acquire OCTA images in 3x3-mm 2 and 6x6-mm 2 areas centered at the foveola. At each transverse location, 5 repeated Bscans were acquired to assess the difference in OCT signal over time. A variable interscan time analysis (VISTA) method was proposed to investigate the effect of different interscan times on vascular changes in the choriocapillaris of patients with nonexudative AMD and geographic atrophy. The VISTA method calculated the flow signals between sequential OCT B-scans (1 and 2, 2 and 3, 3 and 4, and 4 and 5, where interscan time was approximately 1.5-ms) and between every two B-scans (1 and 3, 2 and 4, and 3 and 5, where interscan time was approximately 3-ms) respectively . Their results demonstrated that VISTA was able to shift the range of the detectable flow speeds. In addition, areas showing low decorrelation flow signal had an increased decorrelation signal when the interscan time increased, especially around the margins of geographic atrophy. Therefore, it further enabled the visualization of varying degrees of choriocapillaris. However, this method still only provides a relative blood flow measurement, and is only applicable to much slower flows, typically <300-mm/s.
Two dimensional versus three dimension OCT angiography
Color coding and volume rendering are common ways to visualize 3D OCT and OCTA data. The 3D data in an OCTA is typically projected as an en face image of each tissue layer coded with a different color (Fig. 2) . En face images are comparable to the vantage point of fluorescein angiograms with which clinicians are familiar. The color-coded composite OCTA images provide the additional depth information from the OCTA in a visually appealing manner. Quantitative analysis of blood flow or circulation is performed by measuring 2D metrics, such as skeleton density, vessel density, fractal dimension, vessel diameter index, flow index, and neovascularization area from the en face image of each slab. The 2D en face representation reduces noise and allows clinicians to easily read and analyze OCTA images. However, it requires accurate segmentation of tissue slabs of interest, and may mask underlying capillaries due to projection artifacts. The 2D quantitative metrics derived from en face projection artifacts of the 3D OCTA data inevitably obscure the geometric and topological information in the original 3D vasculature networks.
Instead of the 2D projection approach, volume rendering has been used to visualize the full 3D information present in the OCTA of human retinal vessels (Makita et al., 2006; Spaide et al., 2015c) . Recently, Spaide et al. used volume rendering of OCTA to evaluate the vascular abnormalities associated with macular telangiectasia type 2 (Spaide et al., 2015c) and diabetic macular edema (Spaide, 2015) . This method provides a unique perspective on the relationship between pathologic elements (e.g. intraretinal cystoid spaces) and retinal vessels. However, this method does not allow quantitative analysis of the 3D volume data. Generally, interactive rendering of the large OCTA volume is computationally expensive. In addition, the opacity and color functions in a rendering tool need to be adjusted separately for every dataset and are not easy to optimize, especially for OCTA data which has a considerable amount of noise.
To robustly compute quantitative 3D metrics for the automated analysis of OCTA data in large-scale eye studies, there is a need for 3D algorithms that will reduce motion, projection, and shadow artifacts (Spaide et al., 2015e Gao et al., 2016a , as well as noise from the OCTA that significantly interferes with interpretation of quantitative results. As discussed above, projection and shadow artifacts produced by superficial vessels are always observed in OCTA, and result in an elongation of the superficial vessels relative to the deeper layers. As discussed in the section on projection artifacts, algorithms have been developed to minimize these artifacts in the deeper retinal layers (Zhang et al., 2015a,b; Zhang et al., 2015a,b; Zhang et al. 2016a,b) . Further validation of these methods on larger data sets is warranted before determining its clinical utility. One potential limitation of these methods is that they may not recover small capillaries located underneath larger superficial vessels.
Another challenge to recovery of the small capillaries from OCTA data is the noise present within the original OCTA data. Conventional filtering methods tend to obscure small vessels when they try to suppress the noise in 3D OCTA data. However, there has been little attempt to develop a 3D algorithm that reduces the noise and enhances the small vessels from OCTA. A Hessian-based filter has been used to improve the vasculature visualization, but it has only been applied to 2D en face data (Camino et al., 2016) . Recently, a model-based filtering approach, using the 3D curvelet transform, was proposed (Shi et al., 2017) . The key idea is that the curvelet basis functions provide a multi-scale representation of edges and singularities along curve-like structures in 3D images. This matches well with the geometry of retinal vasculature in OCTA images. This approach has been introduced as shown in Fig. 3 , but its validation with a variety of OCTA data is needed. The curvelet transform has been applied to structural OCT data to reduce the speckle noise (Jian et al., 2010) , but it may be more appropriate when applied to vessel enhancement in OCTA.
Commercially available and research based OCTA devices
There are currently several OCTA devices that are available throughout the world for research use. In the United States and Europe, both Carl Zeiss Meditec (AngioPlex™) and Optovue (AngioVue™) have Food and Drug Administration and Conformite European approvals for clinical use of SD-OCT technology. In addition, Zeiss has an SS-OCTA device (PlexElite™) that is available for sale in the United States and Europe, but this device is limited to research use with IRB approval. Topcon Medical Systems has a SS-OCT device (Triton™ DRI SS-OCT) that is commercially available in Japan, Brazil and England. Most other major OCT manufacturers including Heidelberg, Optopol and Nidek have demonstrated OCTA platforms at major meetings and have these devices available for research use only at specific sites. In the next few years, it is very likely that most manufacturers will have some OCTA enabled platform.
Normal retinal vascular anatomy and physiology
OCTA has been very useful for understanding normative human vascular anatomy and physiology in a way that has not been possible before, due to the invasive nature of FA and the fixation artifacts in post-mortem tissue. In addition, OCTA is not subject to the artifacts of fixation and sectioning that occur in histologic sections. Just as the OCT helped us understand the normal variation in human retinal thickness (Kashani et al., 2010; Chalam et al., 2012) , OCTA is helping define the normal variation in retinal vascular anatomy. This understanding is important for interpreting OCTA images with pathology. In this section, we will review several studies that have used OCTA in human subjects for understanding normal human retinal anatomy and physiology. In general, these studies demonstrate that OCTA-based assessment of capillary density and morphology are very similar to histology-based studies, while also providing a wealth of new information. For example, OCTA has enabled several novel studies that assess the correlation of FAZ with foveal pit morphology. As we discuss below, OCTA has also enabled studies of the vascular response to retinal stimulation that were much more technically challenging in the past.
Normative retinal capillary size, distribution and density
A number of pioneering anatomic studies have defined the distribution and the characteristics of retinal capillaries. As mentioned above, Weinhaus et al. did a comparative study of FA and anatomic drawings of retinal vessels from retinal whole mounts of primate retina (Weinhaus et al., 1995) . That study showed that capillary visibility on FA decreased significantly from the edge of the FAZ and reached a low of 40% beyond 900-mm from the foveal center. Interestingly, all of the widest capillary segments, with diameters ranging from 6.1 to 7.0-mm, were visible on FA, but only 43% of capillaries, with diameters ranging from 4.1 to 4.5-mm, were visible on FA. Among capillaries between 4 and 5-mm in diameter, the visibility on FA decreased linearly with increasing depth in the retina. They concluded that capillary visibility on FA is a function of both capillary size and retinal depth (Weinhaus et al., 1995) .
In another study conducted by Snodderly et al., the detailed orientation, size, and distribution of retinal capillaries were described in relation to the neurosensory retinal tissue in whole mounts from macaque retina (Snodderly et al., 1992) . In this study, the retinal capillary circulation was noted to have 4 layers, and it was divided into the superficial or inner "vitread" network and the deep or outer "sclerad" network. The inner network consisted of retinal capillaries that surround and nourish the nerve fiber layer and ganglion cell layers, whereas the deeper retinal capillaries surround the inner nuclear layer. Median capillary diameters are greater in the deeper retinal layers (~5.0-mm) than in the inner retinal layers (~4.5-mm). The thickness of the inner retinal circulation was significantly greater near the optic nerve head than other regions of the retina owing to the increased thickness of the nerve Fig. 3 . Curvelet-based denoising of OCTA from a normal control (the first row, A-C) and from a patient with diabetic retinopathy (the second row, D-F). The color-coded en face maximum intensity projection of the superficial layer are shown to demonstrate the 3D depth of the retinal vasculature for the original (the first column, A and C) and denoised (the second column, B and E) OCTA. Non-color coded, volume rendered and denoised OCTA using 3D Slicer are shown in the third column (C,F). Color coding in first two columns represents the depth of retinal vessels within the displayed data set for the superficial retinal layer. (Red represents the most superficial, green deeper and blue the deepest capillaries within the superifical retinal layer that is shown). Note that only the superficial retinal layer is shown in this data set so the color coding does not correspond to that in other figures. fiber layer. In addition, the authors noted that the capillaries in the nerve fiber layer were oriented parallel to the course of the nerve fibers, whereas the capillaries in the other layers were less regular in their orientation. The excellent spatial resolution and depthresolved capability of OCTA is demonstrated by the reliable and accurate visualization of these peripapillary vessels as well as the deeper capillaries in living human subjects (Matsunaga et al., 2014; Spaide et al., 2015d; Campbell et al., 2017) .
Tan et al. demonstrated a correlation of histological measurements from 12 human donor cadaver eyes and speckle variance OCTA (svOCTA) from 14 healthy human eyes. Morphologic features of svOCTA were very similar to histology. Capillary density measures were significantly larger in the svOCTA, except for in the retinal ganglion cell capillaries. Mean age of the control histology group was 39.7 ± 3.6 years, and the mean age of the svOCTA group was 45.6 ± 5.3 years. The mean capillary diameters for all of the capillaries measured were 8.26 ± 0.03 mm and 8.8 ± 0.04 mm in histology and svOCTA data, respectively. Comparison of individual capillary diameters within individual retinal layers demonstrated that only the capillary diameter of the retinal ganglion cell layer on svOCTA was significantly larger than on histology. In contrast, capillary density was greater on svOCTA than histology for all layers except the retinal ganglion cell layer. For example, the nerve fiber layer mean capillary density, as measured by manual tracing, was 10.2 ± 0.02% in histology and 16.97 ± 0.02% on svOCTA (p ¼ 0.044). The inner nuclear layer-outer plexiform capillary density was 16.04 ± 0.01% on histology and 25.61 ± 0.01% on svOCTA (p ¼ 0.006) (Tan et al., 2015) . The higher density measures on svOCTA in this study may be reflective of projection artifacts that were not accounted for. Nevertheless, similar findings have been reported by Matsunaga et al. using a different intensity-based OCTA algorithm and different segmentation parameters, suggesting that OCTA is generally reliable, but may overestimate capillary density due to imaging artifacts (Matsunaga et al., 2014) . Another OCTA study of 113 eyes of 70 subjects demonstrates that mean capillary density in the superficial and deep capillary layers decreases with age and FAZ area increases with age (Iafe et al., 2016) . In the latter study, the capillary density is reported as the number of capillaries per millimeter, so a direct comparison with percentage measurements from other studies is not possible.
In general, measurements of retinal capillary density ranging from~30 to 60% have been demonstrated with several different OCTA devices and methods (Matsunaga et al., 2014; Tan et al., 2015; Lupidi et al., 2016) . These measurements are in very good agreement with histology-based measures from previous studies (Weinhaus et al., 1995; Mendis et al., 2010) . Higher capillary densities are generally associated with younger age . One of the main limitations in these measurements is the un-standardized segmentation and layer definitions, which are used among studies.
Foveal pit morphology and foveal avascular zone (faz) size
The role of the foveal pit and FAZ in vision has been studied extensively. ETDRS Report 11 (1991) demonstrated that intergrader agreement for qualitatively defining FAZ size, shape, and capillary loss within the central 1000-mm was only good on FA (weighted kappa 0.46 to 0.58). The report states that the border of the FAZ typically falls along the boundary of the central circle on the ETDRS grid, suggesting that the average radius is 300-mm. This corresponds to an area of 0.28-mm 2 (1991). OCT and OCTA have provided a novel tool for revisiting the changes in the FAZ in health and disease. Previous studies have shown that subjects without a foveal pit can have normal vision, cone density, and multifocal ERG measurements; therefore, the exact role of a foveal pit is still controversial (Marmor et al., 2008 ). An OCT-based study of 110 eyes of 57 healthy adults showed a wide variation in the size, depth, and shape of the foveal pit. A limited number of subjects had an incidental FA in the normal contralateral eye, which showed that the edge of the FAZ seemed to correlate to the inner edge of the ganglion cell layer. Lastly, the size of the FAZ was inversely correlated with the central foveal thickness (Tick et al., 2011 (Mansour et al., 1993; Arend et al., 1995b Conrath et al., 2005 Samara et al., 2015) . Several studies have utilized OCTA to demonstrate similar or complementary findings. OCTA of 105 healthy Chinese volunteers showed a mean FAZ of 0.35 ± 0.12-mm 2 .
Studies in healthy subjects with OCTA show FAZ values ranging from 0.25 to 0.30-mm 2 in the SRL and up to 0.495-mm 2 in the deep retinal layer (DRL) (Kuehlewein et al., 2015b Carpineto et al., 2016 .
In another study, a custom built FD-OCT was used to perform phase variance OCTA on several normal and diabetic subjects. The range of FAZ was from 0.162-mm 2 to 0.581-mm 2 in the whole population (Kim et al., 2012 . Measurements of FAZ area showed excellent intergrader and intragrader reliability at this reading center based study (ICC>0.99 for both). This study shows that there is an inverse correlation between central subfield thickness and FAZ size in any layer and in the full thickness slab. Therefore, a thicker retina corresponds to a smaller FAZ . OCTA of subjects with persistent macular-foveal capillaries (anomalous small FAZ) showed that the severity of the abnormally small FAZ anomaly did not correlate with BCVA (Cicinelli et al., 2016) .
Another OCTA study of 64 healthy Chinese subjects (121 eyes; mean age 38) was performed to assess the correlation of retinal thickness and retinal perfusion . A linear-mixed model corrected for age, spherical error, heart rate, ocular perfusion pressure, and intraocular pressure. This analysis showed that vessel area density correlated with inner retinal thickness (P < 0.05) but not full retinal thickness. Also, the area of the manually measured FAZ was negatively correlated with the inner and full retinal thickness (P < 0.001). The FAZ was also positively correlated with age (P < 0.05). The peripapillary vessel area density was positively correlated with retinal nerve fiber layer thickness (P < 0.001). The results show that for each 1 standard deviation decrease in inner retinal thickness, there is a 1.3e1.6% decrease in the vessel area density of the corresponding area . Interestingly, previous studies either showed a lack of correlation between retinal blood flow velocity and retinal thickness (Burgansky-Eliash et al., 2013) or a strong correlation (Landa et al., 2012) . Previous investigators have shown that for each 1 standard deviation decrease in retinal nerve fiber layer thickness, there is a 2.1e2.6% decrease in vascular caliber of both retinal arteries and veins (Cheung et al., 2008) .
Another retrospective OCTA study of 47 eyes from 47 healthy subjects, using the Heidelberg prototype SD-OCTA, found the FAZ area in the superficial and deep capillary plexus to be 0.28 ± 0.11-mm 2 and 0.30 ± 0.1-mm 2 , respectively . There was a strong negative correlation between the FAZ area and the central retinal thickness and central retinal volume, in both the superficial capillary plexus (r ¼ 0.7, P < 0.001) and deep capillary plexus (r ¼ 069, P < 0.001). There was no statistically significant difference between measures derived from the OCTA scans from the three separate visits. Interestingly, the authors note that in at least 27% of cases, segmentation of the foveal region was not consistent, thus highlighting the importance of reliable segmentation methods. Nevertheless, manual correction of this error resulted in no significant difference between the FAZ of the different capillary plexi . Despite these interesting results, it is worth noting that the FAZ is the result of anatomical fusion of all the capillary layers within the inner retina. Therefore, any segmentation of the foveal and perifoveal capillaries may be largely an artifact of current segmentation algorithms which were not designed with detailed foveal anatomy in mind. For example, one could hypothesize that since Henle's nerve fiber layer is by definition a prominent component of the foveal photoreceptors and not elsewhere, it is displacing the deep capillary plexus away from the foveal center. This would explain why the FAZ has consistently larger size in the deep retinal plexus. As we learn more about the foveal microcirculation with OCTA, it may be useful to develop a novel segmentation scheme for the FAZ that appropriately accounts for the unique anatomy of its neurosensory and vascular tissue.
Refractive error
The impact of refractive error and optical aberration on OCT measurements is well-known and similar aberrations are likely to impact OCTA measurements (Bennett et al., 1994; Moghimi et al., 2012) . This is particularly important to consider in subjects with high myopia. In an OCTA-based study, FAZ area measurements in high myopes (0.28 ± 12-mm 2 ), with spherical equivalent < -5D and without pathologic changes, was not significantly different from controls (0.28 ± 13-mm 2 ), with spherical equivalent > -3D. Retinal vascular density was approximately 3% lower (p < 0.05) in myopia than in controls, as measured in concentric annuli around the fovea.
Retinal vascular density as measured by fractal analysis negatively correlated with axial length and refractive error. There was no correlation between blood flow velocity and either axial length or refraction. There was also no correlation between vessel density and blood flow velocity. Importantly, this paper corrects for the refractive error influence on the size of retinal features (Li et al., 2017) .
Radial peripapillary capillaries and retinal nerve fiber layer
One particularly important use of OCTA is to assess the peripapillary radial capillary network that is not visualized on FA at all (Matsunaga et al., 2014; Spaide et al., 2015d,e) . The original description of peripapillary radial capillaries in humans, monkeys, pigs, and cats used India Ink (Henkind, 1967) and was also confirmed by histology (Weinhaus et al., 1995) . These lie in a 2D network in the nerve fiber layer and are superficial to the 3D network of capillaries within the inner retina. In humans, these capillaries arise from unique arterioles around the disc and not from vessels within the disc. In general, retinal peripapillary capillaries rarely anastomose (in contrast to other intraretinal capillaries) and are limited in scope to the posterior pole (Henkind, 1967) . Elevated intraocular pressure (IOP) decreases or eliminates India Ink filling of peripapillary capillaries in cats in 10/10 animals. This suggests that these capillaries are susceptible to IOP fluctuations (Alterman and Henkind, 1968) . Comparison of in vivo AOSLO-FA measurements of peripapillary retinal capillaries, retinal nerve fiber layer thickness, and ex vivo measurements in monkey eyes using confocal microscopy and histological sections show that the retinal nerve fiber layer is thicker than the retinal peripapillary capillary layer at all locations measured. The area deep to the retinal nerve fiber layer showed a similar network of capillaries as reported in the macula. In vivo AOSLO-FA and ex vivo confocal measurements agreed well (Scoles et al., 2009) .
Several OCTA studies have revisited imaging the peripapillary plexus because direct visualization of this layer in human subjects could have an impact on the diagnosis and management of diseases, such as glaucoma which primarily affect the retinal nerve fiber layer. In one OCTA study, a montage of 3x3-mm 2 OCTA images of 20 eyes from 20 healthy subjects was performed to assess the peripapillary capillary density and its correlation with retinal nerve fiber layer thickness. It was noted that the resolution from 6x6-mm 2 and 8x8-mm 2 scans was insufficient to visualize retinal peripapillary capillaries. Manual segmentation was used to define the radial peripapillary capillary plexus to the temporal macula. The study noted that segmentation depth of the retinal peripapillary plexus decreased with increasing distance from optic disc edge (range 78±8-mm next to disc to~36±3-mm in superior or inferior macula). Radial peripapillary capillary plexus density measurements were made in 0.5 Â 0.5-mm 2 sample regions from binarized and skeletonized manually segmented images. The retinal peripapillary capillary density was 13.6 ± 0.8, 11.9 ± 0.9, 10.4 ± 0.0 per mm 2 at 0.5, 2.5 and 5-mm 2 from the optic disc edge, respectively.
The density significantly decreased with increasing eccentricity from the disc (P < 0.0001). The capillary density was also significantly and proportionally correlated with retinal nerve fiber layer thickness (r ¼ 0.64, P < 0.0001) (Mase et al., 2016) .
Retinal blood flow and velocity
As mentioned in the section above, OCTA is based on the motion of particulate material within the retina. In most cases, the particulate material consists of RBCs within the retinal vessels. However, the presence of leukocytes and RBC aggregates may also contribute to the signal. Previous studies have suggested that the velocity of RBCs and leukocytes may vary, but it is not clear if the difference is truly physiological or merely an artifact of the measurement methods (Arend et al., 1995a) . OCTA provides a direct measure of particulate movement and provides a promising method for assessing retinal blood movement. However, technical challenges still remain in understanding the actual basis of the OCTA signal. As a result, current commercial OCTA devices do not provide any validated quantitative information about blood flow.
Rather, OCTA images are used as a static map of the vascular network with the understanding that any regions with flow above or below the threshold sensitivity may be undetected. In most cases, the clinical significance of this is relevant at very slow flow rates, which may lead to erroneous appearance of regions with "nonperfusion".
In order to understand the limitations of OCTA in detecting flow, a few simple calculations can be made. Capillary blood flow is on the order of 1.5e3-mm per second, so a RBC will move about 1500e3000 mm in 1-s. Most commercial OCT devices scan between 50 and 100-kHz. Assuming a 70-kHz scan rate, a 3x3-mm 2 size field, 300 A-scans per B-scan, and 300 B-scans per image the following calculation apply. Each A-scan and B-scan is 0.010-mms (10 mm) apart. At 70-kHz, it takes 0.005-s to acquire one B-scan.
Each B-scan needs to be repeated at least twice, so at least 0.010-s is needed at each position. Theoretically, this complete scan will take between 3 to 4-s. The fastest that a RBC can move and still be detected by this OCTA scan is 300-mm/s. This upper limit of detection is not likely a problem in detecting high flow rates because capillary blood does not move this fast. However, the slowest a RBC can move and still be detected is limited by the background noise. In addition, the average length of the cardiac cycle, assuming a heart rate of 75-bpm, is~0.8-s. Approximately 0.25-s is occupied in systole and 0.55-s is occupied in diastole. Consequently, the likelihood of scanning two times during diastole is much higher than once in systole and once in diastole. Therefore, gating the OCTA to heart beat may be necessary in future studies to ensure accurate measurements. However, the impact of the cardiac cycle may be minimized by the fact that capillary flow is fairly constant. Nevertheless, custom OCTA algorithms and devices have been used to examine the blood flow changes in retinal layers during flicker stimulation. These studies show preferential changes in the plexiform layers presumably due to the increased metabolic demand from synaptic activity (Son et al., 2016) . With an experimental OCTA-based parafoveal flow index and a SS-OCTA device, flicker stimulation of the retina seems to increase the parafoveal blood flow by a modest, but significant amount (~6%) (Wei et al., 2013) . Hyperoxia seems to decrease blood flow and vessel density on OCTA by a modest amount (~9% and~3% respectively) in human subjects as well (Pechauer et al., 2015) . This is consistent with other studies showing OCTA of 10 eyes from 10 healthy Chinese subjects with autoregulatory response to hyperoxia. In this study, after breathing 80% oxygen for 5-min, the perfused vessel densities in the perifoveal, parafoveal, and peripapillary regions decreased significantly by 15.17%, 13.66%, and 9.52%, respectively. The decrease in the peripapillary region was significantly different from the decrease in the other regions (P < 0.05 for both). The decrease in perfusion density was reversible after breathing room-air for 5-min . Similar findings have been described by laser Doppler velocimetry (Riva et al., 1983; Tomic et al., 2005) .
As we mention above, the fastest that a RBC can move and still be detected by this OCTA scan is 300-mm/s. This upper limit of detection is not likely a problem in detecting flow rates in retinal capillaries but it may be a problem in detecting flow in the choroid and choriocapillaris. Choroidal blood flow velocity has been characterized in a relative manner by previous studies using laser Doppler and laser speckle flowgraphy methods but absolute measurements are lacking (Riva et al., 1994a,b; Hirooka et al., 2014) . Due to the high reflectance and scattering properties of the RPE it is very challenging to reliably image the choroidal and choriocapillaris circulation in general. Therefore, accurate measurements of flow velocity are likely not feasible with current devices. Adoption of swept-source instruments with longer wavelength may allow advances in this area.
Segmentation methods and retinal layer designation
One of the key variables in the analysis of OCTA images is the method by which the layers are segmented and how predefined retinal layers are assigned to the "superficial" and "deep" retinal slabs. As we emphasized in several sections above, the segmentation methods are not standardized among studies and commercial devices, and even the same segmentation method can be prone to unpredictable errors in the setting of normal anatomic variation or pathologic changes. Standardization of segmentation methods would significantly improve the clinical applications of OCTA and a few studies have attempted to develop a general segmentation scheme. For example, Campbell et al. recently described a detailed segmentation scheme with 2e4 distinct vascular plexi depending on the region of retina being studied (Campbell et al., 2017) . In any case, it is important to understand the differences in the segmentation methods between any two OCTA studies and a brief discussion of this is provided below before further continuing the discussion of clinical studies.
In most cases, commercial software has been designed to separate the retinal vasculature into a "superficial" and "deep" slab. The software predefines the retinal layers that are included in these retinal slabs and that are used for the output images. The user has little input in this decision and re-segmenting the retinal layers is a laborious and often impossible task without custom analysis software. The segmentation scheme in any study can vary from another and users should be aware that even the commercial systems have significant differences from one another that may or may not be clinically significant. Below, we review the segmentation schemes used by the two SD-OCTA systems commercially available in the United States. In many studies, investigators may have redefined these boundaries; therefore, particular attention should be directed towards the detailed methods of all studies to understand how the segmentation scheme impacts the results. Constant software upgrades also may change these definitions since the writing of this review.
In general, the studies that use the OptoVue AngioVue™ systems designate the vasculature as either superficial or deep plexus depending on the layer boundaries. The superficial slab or "plexus" is located between the inner limiting membrane (ILM) and the posterior boundary of the inner plexiform layer (IPL). The deep "plexus" is defined by the capillaries between the posterior boundary of the IPL and the posterior boundary of the outer plexiform layer (OPL). Similarly the choriocapillaris is defined as a layer of capillaries in a 30-mm thick section located immediately posterior to the RPE (Agemy et al., 2002) .
The segmentation scheme on the Zeiss AngioPlex™ system defines three retinal slabs corresponding to the superficial, deep, and avascular retinal slabs. The superficial slab consists of 60% of the retinal depth from the ILM to 110-mm above the RPE. This junction is approximately at the anterior boundary of the IPL. The deep retinal slab consists of the remaining 40% of the retinal depth, which is approximately the posterior IPL boundary to the anterior edge of the ONL. The avascular layer extends from 110-mm above the RPE to the external limiting membrane (ELM) (Kim et al., 2016a; Kim et al., 2016b) .
The definition of retinal layers changes slightly when looking at the peripapillary retina. OptoVue AngioVue™ systems provide various definitions of the peripapillary superficial retinal slab: the slab extending 52-mm from the ILM, or the slab between ILM and the outer boundary of retinal nerve fiber layer (the RNFL slab, software version 2015.1.0.90) (Yarmohammadi et al., 2016a,b) . The segmentation scheme for peripapillary retina remains similar on the Zeiss AngioPlex™ system. With self-developed automatic, semi-, or manual segmentation software, it is possible to precisely segment out the RNFL or the retinal layer containing the small branches of the retinal arterioles and venules to investigate the radial peripapillary capillaries Mase et al., 2016) .
Although no systematic studies comparing different segmentation strategies have been performed, the difference between these two segmentation schemes (and others) is not likely to be significant when retinal anatomy is normal. However, there can be significant differences in abnormal cases where macular edema or inner retinal atrophy are present. The exact nature of the differences has not been studied, and since the details of the segmentation algorithms are proprietary, it is not possible to speculate on how each may respond to different pathologic cases.
7. OCTA, fluorescein angiography (FA) and indocyanine green angiography (ICG) in the clinical management of retinal vascular disease
One of the most commonly asked questions after the FDA approval of OCTA has been, "When is it appropriate to use FA or ICG and when is appropriate to use OCTA?" In order to address this question, we need to revisit the fundamental basis of FA, ICG, and OCTA imaging methods as well as the strengths and limitations of each method. We will then consider the current role of OCTA keeping in mind that this role is rapidly evolving as we learn more and as it is steadily improved by software and hardware modifications.
Fluorescein angiography (FA)
Since Novotny and Alvis first described intravenous injection of fluorescein dye in a human and simultaneous fundus imaging with custom filters in 1961, it has become the mainstay of assessment for retinal vascular health and disease (Novotny and Alvis, 1961) . FA has been used extensively to identify normal flow patterns as well as to demonstrate abnormal vessels such as choroidal and retinal neovascularization. FA has also been used to measure blood flow in a quantitative way using video rate imaging methods (Bursell et al., 1996) . There is no doubt that FA has been an indispensable tool for diagnosis of retinal vascular changes and disease. Nevertheless, the limitations of FA are that it requires an invasive dye injection with a limited "transit window", which can make imaging challenging and suboptimal in subsequent frames. More importantly, recent evidence has clearly demonstrated that even under ideal circumstances FA has limited resolution compared to histology and may be significantly underestimating vascular features of the retina. One estimate suggests that FA assessment of capillary density is~50% less than histology-based assessments (Mendis et al., 2010) . Matsunaga et al (Matsunaga et al., 2014) and Spaide et al. (Spaide et al., 2015d,e) have shown that OCTA clearly and reliably demonstrates the radial peripapillary plexus, whereas Spaide et al. and others have shown that FA does not (Spaide et al., 2015d,e) . A study conducted by Weinhaus et al. in primates showed that while FA can delineate the FAZ very well, less than 40% of the retinal vasculature, beyond 900 mm from the foveal center, is visualized on FA as compared to histology of the same animal post-mortem (Weinhaus et al., 1995) . These studies strongly suggest that the appearance of "nonperfusion" or impaired capillary perfusion in humans is a relatively late finding on FA. It is very likely that a significant amount of impaired perfusion is not detectable on FA. This may underlie the reason why there is a long period of subclinical DR that is essentially without clinical or angiographic findings in DR. Similarly, the sensitivity of FA for choroidal neovascularization is not nearly perfect compared to ICG (Pece et al., 2005) . We will discuss ICG in further detail below.
A notable strength and limitation of FA is that fluorescein dye leaks out of retinal vessels. This helps identify abnormal vessels but also increases the background signal in later frames and obscures other potentially relevant details. Nevertheless, leakage helps identify very important details such as neovascularization, edema, and otherwise abnormal vessels. This has been a unique and useful feature of FA, even in the era of OCT. Although OCT does not demonstrate leakage, it should be noted that qualitative OCT findings of retinal edema correlate reasonably well with FA leakage in DR (Danis et al., 2010) and AMD. For example, a retrospective study comparing SD-OCT and FA images from 93 eyes of 93 patients with history of neovascular AMD and anti-VEGF treatment showed significant correlation between SD-OCT findings of retinal edema and FA leakage. Specifically, there was a statistically significant association between SD-OCT findings of any retinal edema, neurosensory detachment, intraretinal flecks, and low reflectivity from subretinal material and FA leakage. There was not a significant association with pigment epithelial detachment or intraretinal fluid. SD-OCT findings of any fluid was 94% sensitive and 24% specific for FA leakage from CNV (Giani et al., 2011) . In diabetic subjects, the presence of cystoid spaces on OCT is highly predictive of fluorescein staining. There also appears to be some relationship between the reflectivity of the cystoid spaces on OCT and the severity of fluorescein pooling, although this is still a subjective measurement. The severity of retinal edema on OCT correlates with the severity of leakage on FA in diabetic macular edema. Importantly, loss of inner retinal layers on OCT correlates with capillary nonperfusion on FA (Yeung et al., 2009) .
Perhaps, the most important limitation of FA is the possibility of minor and severe adverse reactions. Side effects are reported in~5% of cases with intravenous sodium fluorescein administration. Most side-effects are mild, including nausea, vomiting, sneezing, and pruritis. In more rare cases, side-effects can include severe reactions, such as syncope, local tissue necrosis, thrombophlebitis and local skin eruptions at the injections site (Kwiterovich et al., 1991) . The mortality rate for FA has been estimated at 1 in 220,000 due to causes, such as cardiovascular shock, myocardial infarction, laryngeal edema, and bronchospasm (Yannuzzi et al., 1986) . Skin testing suggests some or many of these reactions may be IgE mediated mechanism (L opez-S aez et al., 1998) .
Oral use of FA (10-ml of sodium fluorescein with 4-g of sugar) has been shown to be another possible, although inferior, method of visualizing the retinal vasculature. In many cases, this method takes over 1-h, and still has the potential of eliciting mild to severe systemic side-effects. In one study, investigators systematically used hypodermic injections of 2-ml of 0.5% dexamethasone sodium phosphate and 2-ml of 0.5% metoclopramide 15-min before the sodium fluorescein ingestion to mitigate against side-effects. In~3% of all cases, usable images were not obtained (G omez-Ulla et al., 1991; Hara and Inami, 1998) . Nevertheless, oral FA administration with use of confocal laser scanning ophthalmoscope demonstrate quality similar to conventional intravenous angiogram in 47% of cases with visualization of the FAZ (Garcia et al., 1999) .
Indocyanine green angiography (ICG)
Originally described by Yannuzzi et al. (Yannuzzi et al., 1992) , ICG aided in visualizing lesions with recurrent choroidal neovascularization (Reichel et al., 1995b) , occult choroidal neovascularization , and choroidal neovascularization complicated with subretinal hemorrhage (Reichel et al., 1995a) . In many ways, the strengths and limitations of ICG, as they relate to OCTA, are similar to FA, with the notable exceptions that ICG has a longer emission wavelength, and it is 98% bound to albumin . The longer emission wavelength allows improved visualization of deeper structures. The higher fraction of albumin-bound dye decreases the "leakage" of the ICG dye and improves the signal-to-noise ratio. Both of these features make it more amenable to imaging the choroidal vasculature and choroidal neovascularization. Nevertheless, at least 11% of subjects with occult CNV demonstrate intraretinal leakage of ICG dye that may obscure CNV features or retinal features. For example, the presence of subretinal fluid, subretinal hemorrhage, subretinal lipid, and retinal pigment epithelial detachment are associated with ICG leakage into the retina in subjects with occult choroidal neovascularization (Ho et al., 1994) . Severe adverse reactions to ICG have also been documented, especially for those with Iodine allergies (Benya et al., 1989; HopeRoss et al., 1994) . A recent and detailed review of ICG angiography is available for readers with further interest in this subject (Yannuzzi, 2011) .
Practical applications of OCTA today
Above, we highlighted the strengths and limitations of FA and ICG, and these observations help define situations where the use of OCTA is clearly warranted and those in which it is optional. First, any individual with a known allergy to fluorescein sodium dye or indocyanine green dye would clearly benefit from OCTA imaging, rather than not being imaged at all. In addition, subjects with relative contraindications to FA or ICG would benefit from OCTA as well including: (1) pregnant subjects, (2) breast-feeding subjects, (3) subjects with severe kidney disease, and (4) subjects with poor or impossible intravenous access. In all of these cases, the physician should keep in mind that OCTA is limited to imaging the vasculature of the macula and peripheral pathology needs to be assessed clinically. In some cases, directed OCTA of peripheral pathology is possible and useful as well (Lang et al., 2016) . Nevertheless, in most cases clinicians and researchers are still learning how and when to apply OCTA to clinical situations, so a conservative approach to the use of OCTA is warranted when making treatment decisions.
We also suggest that OCTA is useful and practical in regular assessment of macular complications of retinal vascular disease that do not warrant FA or ICG, or for which frequent FA or ICG exams are not practical. In diseases such as DR, AMD, and retinal vein occlusion (RVO) the need for monthly examinations and treatment is critical, but FA and ICG are impractical at that frequency. In most cases, the accepted standard-of-care in the management of those diseases is to "interpolate" the status of the retinal vasculature between semiannual or annual FA or ICG examinations. In many cases, FA and ICG are not performed to confirm the presence or absence of neovascularization and the activity of the disease is inferred by secondary findings, such as intraretinal fluid or subretinal fluid. While this strategy works well for many cases, it is suboptimal because the actual cause of the disease process is not directly visualized or quantified.
In contrast to FA and ICG, OCTA can be performed as regularly as OCT and can provide frequency of information that was not available in the past. For example, one practical application of OCTA is to assess the real-time changes in retinal capillary perfusion or choroidal neovascularization during anti-VEGF treatment. A few notable studies have suggested that capillary reperfusion occurs in subjects with DR (Campochiaro et al., 2014) and RVO (Sophie et al., 2013) , who are undergoing anti-VEGF treatment. Regression of choroidal neovascularization in real-time with anti-VEGF treatment has also been documented (Huang, Jia et al., 2002) . OCTA presents a safe, powerful, and feasible method of assessing these phenomena in more detail and with less risk than either FA or ICG. It should be emphasized again that clinicians are still learning how and when to use OCTA in clinical settings so a conservative approach to using OCTA for treatment decisions is warranted.
When considering whether to use OCTA, FA, or ICG it is important to keep in mind that OCTA measures different biologic phenomena than FA or ICG. As discussed in detail above, OCTA is based on light scattering from RBCs and particulate debris; therefore, there is no "leakage" of dye on OCTA. In contrast, FA and ICG are based on the tissue distribution and fluorescence of molecules that are not strictly confined to vessels, even in normal subjects. Thus, as far as we know, OCTA cannot identify abnormal vascular permeability like FA. One clear manifestation of this difference is revealed in how microaneurysms appear on FA and OCTA. Matsunaga et al. and others have shown that microaneurysms are not detected as frequently on OCTA as on FA (Matsunaga et al., 2015) . The likely reason for this is that some microaneurysms may be sclerosed or clotted without blood flow, while others are patent. Since OCTA only detects movement of RBCs, sclerosed or clotted microaneurysms will not appear on OCTA, but may still stain with dye. Even though OCTA cannot detect leakage, it can detect some instances of macular edema that we describe further below.
In contrast to FA, the ability of OCTA to reliably resolve capillary level detail with unprecedented depth resolution has been demonstrated in humans (Matsunaga et al., 2014; Spaide et al., 2015d,e; Hwang et al., 2016 ). OCTA images demonstrate capillary detail that approaches the resolution of histological studies on human cadaver eyes (Mendis et al., 2010; Matsunaga et al., 2014; Spaide et al., 2015d ,e, Tan et al., 2015 . As a result, numerous studies have suggested that OCTA images are at least equal to FA for detecting macular complications of retinal vascular diseases, including DR (Ishibazawa et al., 2015; Matsunaga et al., 2015; Hwang et al., 2016) , RVO Casselholmde Salles et al., 2016) , AMD (Coscas et al., 2002 , Moult et al., 2014 , and macular telangiectasia (Thorell et al., 2014a,b) among others. It is well established that OCTA can detect areas of impaired perfusion (a.k.a. "nonperfusion") in both the superficial and deep capillary plexi, whereas FA cannot resolve the deep capillary plexus at all (Fig. 4) (Weinhaus et al., 1995; Spaide et al., 2015e) . Therefore, OCTA provides a whole new dimension of depth information regarding the severity of impaired perfusion that we did not have with the FA. The clinical relevance of this additional information remains to be determined, but at the least OCTA will allow us to assess the severity of ischemia with much more precision. For example, OCTA has already been used to study diseases that are thought to primarily affect the DRL, such as paracentral acute maculopathy (Nemiroff et al., 2016) and DR (Kim et al., 2016a) .
OCTA can also detect intraretinal (intraretinal microvascular anomalies, IRMA) and extraretinal neovascularization (neovascularization of the disc or elsewhere, NVD or NVE) with excellent reliability as long as the pathology is within the field-of-view (Fig. 5) (Ishibazawa et al., 2015; Matsunaga et al., 2015; . Accordingly, one of the main limitations of OCTA is the field-of-view, though this is rapidly improving. Commercially available devices have several field-of-view options, including 3x3-mm 2 , 6x6-mm 2 , and 8x8-mm 2 (Fig. 2) . It is very likely that larger fields will be available shortly. In most cases, as the field-of-view increases in size, the resolution of the scan decreases because the same number of A-scans are being used to scan a larger area. Nevertheless, the standard scan patterns on current SD-OCT devices are sufficient to detect clinically relevant pathologic changes in DR and RVO (Hwang et al., 2015; Kashani et al., 2015; Matsunaga et al., 2015; Kim et al., 2016a (Fig. 6) Matsunaga et al., 2015) . This finding has been demonstrated by our group in both DR (Matsunaga et al., 2015) and RVO , and it is the subject of current ongoing studies. It has been postulated that this finding occurs because even trace amounts of small light-scattering particles (lipid and extracellular protein deposits such as hard exudates) within retinal tissue can generate an OCTA signal from Brownian-like motion. This finding is appropriately called small light-scattering particles in motion or SPPiM. We demonstrate SPPiM findings in DR (Fig. 6) and AMD (Fig. 10) . The clinical significance of SPPiM is not yet clear, but this is the subject of ongoing investigation. Another novel finding on OCTA is sub-clinical vascular changes that are noted in subjects with minimal DR (Fig. 7) . We have observed many subjects with excellent vision and sub-clinical variations in the appearance of macular capillaries (unpublished observations). The clinical significance of these variations is not known, but it is possible that OCTA is detecting vascular changes before a clinically detectable disease has occurred. If this were shown to be the case, then OCTA could be a very powerful tool for detecting DR before clinically evident changes occur.
As mentioned previously, microaneurysms have been demonstrated on OCTA, but are not identified as frequently as in FA (Ishibazawa et al., 2015; Matsunaga et al., 2015) . It is possible that this is because microaneurysms have a life-cycle. In addition, histology studies have shown that microaneurysms can be patent, clotted, or sclerosed. Therefore, any microaneurysm that doesn't have blood flow (e.g. sclerosed) is unlikely to show up on an OCTA scan, but will still stain with fluorescein dye. Also, the flow rate of blood in microaneurysms can vary and may be below the threshold of detection for current OCTA devices. In general, users should be aware that regions that lack OCTA signal may have blood flow that is too slow for the OCTA to detect. Currently, it is not known what the threshold flow rate for detection of blood flow is using SD-OCTA. OCTA may allow us to revisit the relevance of microaneurysms in diabetic macular edema with additional studies, but it is likely that additional improvements on OCTA hardware and software will be necessary for this. For example, using variable interscan intervals (VISTA) during the acquisition for OCTA images allows measurement of a relative blood flow in DR and AMD (Choi et al., 2015) . At this time, VISTA is only possible with the very high scan speeds (400-KHz) of a prototype SS-OCT instrument using a vertical cavity surface emitting laser (VCSEL). These studies utilizing VISTA do show modest differences in the apparent blood flow of pathologic regions, such as microaneurysms and choriocapillaris surrounding geographic atrophy. OCTA images generally do not show hyporeflective intraretinal fluid pockets that are typically seen in diseases with macular edema. However, since OCTA images are always accompanied by structural OCT scans this is not an issue. Physicians can use OCTA in conjunction with structural OCT to detect intraretinal fluid (just as they do with standard OCT scans). In some cases, OCTA can detect hyperreflective fluid pockets, and as we mentioned above, this is an area of ongoing study. The additional time it takes to perform an OCTA scan is negligible and viewing the OCT concurrently with the OCTA also takes marginally more effort than viewing the OCT by itself. In some cases, OCTA images are not necessarily easy to interpret and are also not currently reimbursed. The lack of reimbursement is certainly a problem that needs to be addressed in the medium-or long-term, but the growing capabilities of OCTA will probably encourage its adoption for clinical efficiency (OCTA is faster than an FA all other factors being equal) rather than as a new source of revenue in the short-term.
Some of the key differences between FA-based retinal angiography and OCTA have been well illustrated in a study comparing adaptive optics scanning laser ophthalmoscopy-based FA (AOSLO-FA) and OCTA. In a study of 11 vasculopathic patients and 4 healthy controls, the authors compared the images generated by the highresolution AOSLO-FA system with those generated by the OCTA from the same retinal regions. Mean foveal avascular zone area on AOSLO-FA and OCTA were similar at 0.378 ± 0.245-mm 2 and 0.384 ± 0.249-mm 2 , respectively, but were statistically different shows irregularities in the capillary network and foveal avascular zone as well as an area of increased OCTA signal covering the majority of the fovea (red). This area corresponds to the area of hyperreflective cystoid change seen in (D) B-scan cross section through the fovea. Note the hard exudates on the OCT B-scan. The appearance of the OCTA hyperreflectivity is subjectively correlated with presence of hard exudates in at least some cases and referred to as small scattering particles in motion or SPPiM. (P ¼ 0.004). It is unlikely that the small magnitude of this difference has any clinical relevance. Mean vessel density on AOSLO-FA and OCTA, within the 300-mm region of interest, were not found to be significantly different. This reinforces the earlier observations that OCTA seems to provide very accurate, high-resolution images of the retinal capillaries, with near histology-level resolution and without the need for dye injection. However, there were some key differences between the AOSLO-FA and OCTA, which highlight the strengths and weaknesses of OCTA. Capillary lumen diameters were significantly larger on OCTA than on AOSLO-FA (14.2 ± 6.3-mm vs 19.9 ± 5.9-mm respectively; P < 0.001). This was attributed to the lower lateral resolution of OCTA. Also, OCTA images did not demonstrate vessel segments in some cases where AOSLO-FA clearly did show vessel segments. As mentioned above, this was probably attributed to the fact that OCTA has a threshold sensitivity to flow~0.3-mm/sec, below which flow is not detected (Tokayer et al., 2013b) . In addition, microaneurysms either appeared very differently or, as evident in many cases, were completely missing on OCTA as compared to AOSLO-FA, likely due to the same reason . Matsunaga et al. also noted that microaneurysms that do appear on OCTA are often not the same shape or size as those on FA (Matsunaga et al., 2015) . This could be explained by the fact that the region of a microaneurysm which has RBC flow may only be a small portion of the whole microaneurysm. Histology of cadaver eyes show that microaneurysms can have recanalized segments, which support RBC flow even though the majority of any given microaneurysm is sclerosed (Stitt et al., 1995) .
OCTA is more useful than FA or ICG in evaluating subretinal hypereflective material (SHRM) for neovascular activity. SHRM is a generic term applied to material in the subretinal space that includes Type 2 choroidal neovascularization, fibrosis, exudation, vitelliform material, and hemorrhage. In some cases, SHRM regresses with anti-VEGF therapy, and in others, it does not (Willoughby et al., 2015) . Distinguishing between the vascular and avascular components of SHRM is difficult on structural OCT. In most cases, FA and ICG tend to demonstrate non-specific diffuse staining patterns and are often considered to be not helpful. The utility of OCTA in assessing SHRM was explored in 33 eyes of 25 subjects with mean age of 76 years and a range of retinal diagnoses . This qualitative study showed that it was possible to use OCTA to detect neovascularization within SHRM lesions. However, this required a significant amount of manual segmentation and reading effort. The authors also suggest that SHRM lesions vary in their optical properties and are differentially susceptible to projection artifacts. For example, the authors show that smooth surfaces and hypereflective SHRM lesions are more prone to projection artifacts than irregular contours and hyporeflective lesions. The application of OCTA in clinical cases that include neovascular, myopic choroidal neovascularization, and vitelliform lesions demonstrates the novel practical applications of OCTA that were either not possible with FA and ICG or are now significantly better with OCTA . While these OCTA applications are currently labor-intensive, it is likely that rapid advancements in OCTA technology will overcome most of these problems and allow for clinical adoption.
There is mounting evidence that one of the most important applications of OCTA will be detecting subclinical changes or, more accurately, quantifying milder stages of DR, where FA is absolutely not indicated or useful . For example, in subjects with mild NPDR and no macular edema, a FA is not indicated. However, it is clear from epidemiologic, pathologic, and clinical studies that microvascular changes are present at that stage of disease beyond what is detected on clinical examination . The non-invasive nature of OCTA makes it possible to image patients without posing a significant risk. Our group and others have observed that subtle, sub-clinical OCTA changes in this patient population are not uncommon (Kashani AH unpublished observations) . Comprehensive quantitative metrics will be needed to objectively capture these subtle changes and provide evidence of DR severity. Several studies show that OCTAbased metrics of capillary density, branching complexity, and capillary diameter correlate well with the clinical severity of DR (Agemy et al., 2002 , Kim et al., 2016a , RVO (Koulisis et al., 2016) , and some of the clinical features of uveitis (Kim et al., 2016b) . Larger scale studies are underway. These studies are aimed at determining whether OCTA can in fact detect sub-clinical DR changes that would pave the way for earlier intervention and prevention of vision loss, rather than treatment of vision loss.
Review of clinical studies utilizing OCTA

Diabetic retinopathy (DR)
DR remains a leading cause of visual impairment and blindness in the world. An estimated 285 million people world-wide are estimated to have diabetes mellitus. Approximately 33% have signs of any DR and~11% have vision-threatening DR . One of the major challenges in the diagnosis and management of DR is that the clinical presentation of the disease occurs 10e20-years after the diagnosis of diabetes mellitus type II or 5e10 years after the diagnosis of type I diabetes mellitus (Klein, 2007) . Histologic studies on human cadaver eyes and animal models have suggested that the onset of pathologic changes occurs many years before the clinical presentation (Campochiaro, 2015; Stitt et al., 2016) . Therefore, it is very likely that clinical grading of NPDR detects the disease at a relatively advanced stage of microscopic vascular changes that are not otherwise clinically or angiographically detectable.
OCTA is a novel modality that safely, quickly, and noninvasively demonstrates the retinal microvasculature with resolution that exceeds FA and approaches histologic accuracy. Therefore, OCTA presents an opportunity for clinicians to detect the ongoing subclinical changes that are occurring in DR, during the long period before the onset of clinical signs and symptoms. It has already been demonstrated that OCTA can successfully reveal almost all of the clinically relevant findings in the macula of diabetic subjects (Hwang et al., 2015; Ishibazawa et al., 2015; Jia et al., 2015a,b; Matsunaga et al., 2015; . In addition to these qualitative findings, OCTA offers a significant advantage for quantitative and objective assessments. Here, we will review several additional studies that demonstrate the application of OCTA in assessing DR.
Recent OCTA studies have demonstrated qualitative assessments of retinal vascular changes in subjects with DR, including impaired capillary perfusion, intraretinal microvascular anomalies, neovascularization, as well as some types of microaneurysms (Hwang et al., 2015; Ishibazawa et al., 2015; Jia et al., 2015b Matsunaga et al., 2015 . Matsunaga et al. have also demonstrated that some types of intraretinal edema can be visualized on OCTA images (Matsunaga et al., 2015) . These qualitative findings are sufficient in most cases for the diagnosis and management of macular complications of DR with a few caveats. The earliest and most straight-forward use of OCTA is for the assessment of areas with impaired capillary perfusion (otherwise known as "nonperfusion"). We prefer to avoid the term "nonperfusion" because even in cases where OCTA signal is absent it is still possible that there is blood flow below the threshold of detection for OCTA (or even FA). The most widely recognized use of this OCTA capability has been to assess the shape and size of FAZ among diabetics of varying severity and normal subjects. For example, OCTA of 63 eyes of 63 patients showed significant enlargement of FAZ from 0.25-mm 2 in controls to 0.37-mm 2 in diabetic eyes without DR and to 0.38-mm 2 in eyes with DR (Takase et al., 2015) . In a separate study, quantitative assessment of FAZ area in 110 high quality FA of diabetic subjects and 31 healthy controls showed that FAZ surface area ranged from mean of 0.15 ± 0.09-mm 2 in controls, 0.30 ± 0.19-mm 2 in baseline DR, 0.42 ± 0.25-mm 2 in NPDR, and 0.61 ± 0.41-mm 2 in PDR subjects. The increase was statistically significant between all stages. Interestingly, the study showed that ETDRS qualitative criteria correlated significantly with FAZ area measurements for all grades, except for the two mildest (Conrath et al., 2005) . Other OCTA studies of diabetic subjects without DR also showed an enlargement of the FAZ . In addition, OCTA of 13 healthy subjects and 13 subjects with mild NPDR showed that the NPDR group has larger avascular areas as compared to controls, using an automated algorithm (0.85 ± 0.47-mm 2 versus 0.46 ± 0.29-mm 2 ; p ¼ 0.017) (Zhang et al. 2016a,b) . Although previous investigators have demonstrated similar findings using FA (Bresnick et al., 1984; Mansour et al., 1993) , this has not been widely adopted in clinical practice due to the invasive nature of FA. OCTA provides a practical and clinically available method of assessing FAZ in diabetic subjects who would otherwise not have FA but the clinical significance and reliability of these OCTA results is still a subject of ongoing research. Several groups have performed larger studies to demonstrate whether more formal quantitative metrics of capillary density correlate with DR severity. For example, OCTA of 56 eyes of 34 subjects with DR and 12 age-matched control eyes of 12 subjects showed a significant decrease in the skeletonized capillary density of all eyes with DR as compared to the control eyes (Agemy et al., 2002) . Statistical comparisons among all groups (normals and all stages of DR) showed significant differences between normal and all DR stages, mild and severe NPDR, and mild NPDR and proliferative DR (PDR), as well as all NPDR and PDR for 3x3-mm 2 images.
Interestingly, there were no significant differences found among varying stages of DR with 6x6-mm 2 images in this study. The trend towards decreasing capillary density was significant in both 3 Â 3 and 6x6-mm 2 images in the DRL for only two comparisons (mild NPDR with PDR and all NPDR with PDR). Therefore, OCTA is at least capable of distinguishing between large changes in DR severity in all layers. It is interesting that this study showed the most significant changes in the DRL, but it is now known that this layer is the most likely to be confounded by projection artifacts and segmentation error. Overall, this is the first study to suggest that quantitative OCTA of DR can be useful in stratifying disease severity, although it did not demonstrate that OCTA can actually distinguish between each of the clinical stages of DR in a reliable fashion. It is unclear why even in the more severe cases of DR there are no differences in the SRL comparisons among DR levels (Agemy et al., 2002) . Another retrospective OCTA study of 13 eyes with DR without macular edema and 56 control eyes showed that the mean fractal dimension in the DR group was significantly less than the control for both SCL and DCL (P < 0.005 for each; (Zahid et al., 2016) ). In the control group, the mean vessel density in the SCL and DCL was 55.6 ± 1.7% and 60.6 ± 1.5%, respectively. In the diabetic group, the mean vessel density in the SCL and DCL was 48.2 ± 4.6% and 53.6 ± 3.2%, respectively, which was consistent with the previous results. One weakness of this study was the very small sample size of diabetic subjects (only 13 diabetic eyes). Another weakness was that the diabetic group was significantly older than the control group, and it is widely known that capillary density decreases with age. The mean age of the control group and diabetic group was 32 ± 7 and 57 ± 13-years, respectively. Nevertheless, the study showed a significantly lower capillary density and fractal dimension in both SCL and DCL of diabetic subjects compared with controls. However, there was no difference in the comparison among different severity levels of DR, possibly due to the small sample size and lack of age-matching (Zahid et al., 2016) .
In another OCTA study of 209 eyes of 122 Type 2 DR subjects and 60 eyes of 31 normal Indian subjects, FAZ area and vessel density measurements were assessed. Patients with macular edema, renal disease, and history of intravitreal injection were excluded, which heavily biases this group towards healthier subjects with DR, and also minimizes the likelihood of segmentation errors. Systemic variables, including finger stick blood glucose, post-prandial blood sugar, blood pressure, body mass index, hemoglobin, hemoglobin A1c, low density lipoprotein, and high density lipoprotein were measured. In this study, normal eyes had significantly higher vessel density and smaller FAZ area than all DR subjects combined. However, the results of this study are somewhat unusual in that the size of the FAZ and average vessel density did not significantly change with increasing DR severity. This may be attributable to differences in segmentation and layer definitions among studies. Overall, the findings in the DRL were less robust than those in the SRL in keeping up with most OCTA studies of DR (Bhanushali et al., 2016) .
As the above studies illustrate, one pitfall in current OCTA studies is that layer segmentation methods and definitions are not standardized and may account for some of the discrepancies between studies. Although commercial OCTA devices are capable of motion correction and eye tracking, movement artifacts can still significantly impact data availability and quality. Abnormal retinal pathology may also limit reliable segmentation. For example, in an OCTA study of 94 eyes, 61 eyes were excluded due to inadequate image quality . Ultimately, only 33 eyes from 27 subjects were used to examine the correlation between the location of the microaneurysms and the macular edema in 6 x 6 mm 2 OCTA images. The study reports that 77% of all observed microaneurysms on OCTA were found in the deep capillary layer. However, within areas of diabetic macular edema, 91% of all microaneurysms were found in the DRL. There was a significant positive correlation between increasing retinal volume and the number of microaneurysms. While the results of this study are interesting and largely consistent with previous non-OCTA studies, it is possible that the retinal distortion caused by macular edema confounded the segmentation and localization of microaneurysms. Also, the use of OCTA alone for detection of microaneurysms likely resulted in an underestimation of the total number of microaneurysms, since several studies have demonstrated that not all microaneurysms appear on OCTA as they do on FA. For example, in one study, only 62% of microaneurysms detected by FA were found on OCTA (Couturier et al., 2015) . Similar findings regarding microaneurysms have been noted by other studies (Matsunaga et al., 2015; Hasegawa et al., 2016) . Despite these limitations of OCTA as a new methodology, the results of these studies agree with former histopathology and OCT studies that show microaneurysms are preferentially located in the inner nuclear layer (Moore et al., 1999; Horii et al., 2015) . Several studies using SS-OCTA have also been performed in assessing DR. One OCTA study of 28 eyes from 18 subjects with DR and 40 eyes from 22 healthy subjects showed that the mean FAZ area in the SRL was 0.52-mm 2 and 0.34-mm in the DR and control groups, respectively. Mean FAZ area in the DRL was 0.62-mm and 0.36-mm in the DR and control groups, respectively. In this study, SS-OCTA had a central wavelength of 1050-nm and 100-kHz acquisition speed (Topcon Triton™ DRI; Topcon Corp, Tokyo, Japan) and 3x3-mm 2 scans centered on the macula were used.
Automated layer segmentation was used and defined as SRL (ILM to inner border of INL) and DRL (inner border of INL to outer border of INL). FAZ was measured manually with GIMP™ software. Vessel density was measured as percent of surface area covered by vessels in binarized images. Despite the use of SS-OCTA, in this case, there were no significant differences in the FAZ area in the SRL of mild or moderate NPDR as compared to control groups. However, there was a significant difference in FAZ area in the DRL for all subgroups. Agreement for the FAZ area between graders was excellent (ICC > 0.99). Mean vessel density was significantly lower in the SRL of DR subjects as compared to controls. Mean vessel density was also significantly lower in the DRL of DR subjects as compared to controls. Interestingly, there was a significantly lower vessel density among subjects with diabetic macular edema than those without diabetic macular edema (Al-Sheikh et al., 2016) . Another interesting application of OCTA is to better understand the impact of laser treatments and anti-VEGF therapy on retinal tissue in DR subjects. For example, a study was performed using 6x6-mm 2 OCTA in 8 subjects with diabetic macular edema and a history of focal laser. This study showed changes in the choriocapillaris on manually segmented images, but, in most cases, there were no changes in the superficial or deep retinal vasculature in the region of focal laser. In some cases, there were changes in the outer plexiform layer on OCT structural scans . OCTbased studies have also suggested that focal laser does not significantly alter the anatomy of the inner retina (Bolz et al., 2010) , but histologic studies performed on monkey models of focal laser injury to the retina (Wilson et al., 1988) demonstrate decreased capillary density in the region of focal laser. Additional studies are needed to understand this discrepancy, but OCTA now provides a powerful tool for assessing vascular changes in vivo.
The above studies highlight the salient findings in OCTA studies of DR as well as the associated limitations. One of the main limitations is that it is very difficult to compare quantitative metrics across studies, since segmentation methods are not standardized and quality-controlled. In addition, the details of the metric calculations vary from study-to-study. Lastly, most studies have not compared comprehensive capillary density and morphology measures simultaneously on the same data set. It is very likely that both morphologic changes in capillaries (e.g. branching pattern and capillary diameter) as well as capillary density measures (e.g. vessel density versus skeleton density) will be important in characterizing vascular changes in DR. Each of these parameters will need to be validated and tested for reliability and reproducibility. In addition, each have strengths as well as weaknesses that need to be systematically tested. In the near future, a potentially high impact role of OCTA would be the assessment of retinal capillary reperfusion in subjects with DR and anti-VEGF therapy. FA-based studies have demonstrated that sustained anti-VEGF therapy in subjects with DR slows or even reverses retinal non-perfusion (Campochiaro et al., 2014) . However, Falavarjani et al. recently showed that there is no difference in retinal capillary density or FAZ area in subjects with DR or RVO, before and after a single intravitreal injection of anti-VEGF agents for macular edema (Ghasemi Falavarjani et al., 2017) . It is likely that one month is not a sufficient duration of treatment to observe any changes in perfusion, and future studies are needed to address this.
A few studies have begun to address the challenge of using both morphology and density parameters in a systematic way in DR (Kim et al., 2016a) as well as for other retinal vascular diseases (Kim et al., 2016b; Koulisis et al., 2016) . Kim et al. performed a retrospective, cross-sectional study of 84 eyes with DR and 14 healthy eyes (Kim et al., 2016a) . This study demonstrated that several capillary density and morphology parameters correlate with the severity of DR in a single cohort. Capillary density was assessed as a simple percentage of the area covered by vessels in both binarized OCTA images (Vessel Density) as well as skeletonized images (Skeleton Density). This is important in that the simple vessel density measure can overestimate the diameter of retinal capillaries, and therefore overestimate capillary density. Skeleton density measures the "length" of vessels in the OCTA images and removes the potential confounding influence of vessel diameter from the density metric. Therefore, skeleton density may be a more sensitive measure of impaired capillary perfusion; though, this has yet to be determined.
The Kim et al. study shows that both vessel density and skeleton density demonstrate a negative and significant correlation with clinical severity of DR (Kim et al., 2016b) . Interestingly, skeleton density changes were larger in magnitude for each step change in clinical severity of DR. Kim et al. also looked at two measures of capillary morphologydfractal dimension and vessel diameter index. Fractal dimension was assessed by a modification of the box counting method and provides a measure of the capillary branching complexity. The clinical severity of DR was positively and significantly correlated with fractal dimension. In this study, the vessel diameter index provides a unit less measure of the capillary diameter. As expected, clinical severity of DR was inversely proportional to vessel diameter. In almost all cases, the magnitude and significance of the changes was greatest in the SRL. This is likely because the DRL measurements are confounded by projection artifacts, which are very hard to compensate for with current methods. In addition, it is interesting and encouraging that in all parameters, except for vessel diameter index, there was a significant difference between normal controls and mild NPDR. Therefore, this is the first study to show that early changes in DR can be detected by OCTA metrics. However, the most reliable and reproducible metrics have yet to be identified and it may be worthwhile to revisit these metrics when more sophisticated methods of projection artifact removal are available Liu et al., 2015; Zhang et al., 2015a,b) . These same metrics have been applied to subjects with RVO (Koulisis et al., 2016) as well as subjects with quiescent, but chronic uveitis (discussed below; (Kim et al., 2016b) ). As described below, the same trends seem to hold in those studies suggesting that a comprehensive analysis of OCTA-based metrics for density and morphology may play a broader role in the assessment of retinal vascular changes.
Retinal venous occlusion (RVO)
Capillary level changes have long been demonstrated in subjects with RVO. Clinical findings include areas of impaired perfusion, vascular dilation, tortuosity and shunting, cotton-wool spots, and retinal hemorrhages, among others (Ryan et al., 2013) . Kashani et al. showed that all of the clinically relevant macular findings of RVO can be identified on OCTA images in a pilot study of 25 subjects with varying severity of RVO and controls . This study also suggested that the findings in the DRL were more profound than those in the SRL in RVO subjects. Several other studies have also confirmed those findings (Rispoli et al., 2015; Adhi et al., 2016) and are reviewed below. Interestingly, Kashani et al. also demonstrated that some regions of intraretinal fluid could be visualized on OCTA in analogy to what Matsunaga et al. showed for intraretinal fluid in DR . Therefore, there is sufficient evidence to suggest that OCTA of the macula is equally effective for management of the macular complications of RVO as FA. Many studies in the past have explored the quantification of retinal vascular changes in RVO similar to those described above for DR. A growing area of current interest is to validate OCTA measurements with these and to expand on them.
Before the era of OCTA, FA and histology were used in several studies to quantify changes in the retinal vasculature in RVO subjects. Remky et al. demonstrated significant changes in the mean perifoveal intercapillary area (a proxy for focal capillary density), size of the FAZ, and capillary blood flow in subjects with central RVO (CRVO) compared to controls on FA (Remky et al., 1997) . FAZ size increased from 0.218 ± 0.074-mm 2 to 0.317 ± 0.166-mm 2 in controls and subjects with CRVO, respectively. Mean capillary blood flow using digital high-speed FA decreased from 2.886 ± 0.406-mm/sec in controls to 1.626 ± 0.219-mm/sec in CRVO subjects (Remky et al., 1997) . Lastly, mean perifoveal intercapillary area increased from 3872 ± 529-mm 2 to 5548 ± 1151-mm 2 in control and CRVO subjects, respectively.
Notably, only mean capillary blood flow had any significant correlation with visual acuity. In another study, subjects with branch RVO (BRVO) had similar changes in FAZ size using FA, but there was a significant correlation with visual acuity and FAZ size (Parodi et al., 1995) . Similarly, BRVO subjects had significant changes in blood velocity and blood flow using laser Doppler flowmetry (Avila et al., 1998) ; however, there is some debate regarding the accuracy of this method (Squirrell et al., 2001) . Despite these findings, clinical adoption of FA for assessment of FAZ size and blood flow have not been adopted due to the invasive nature of FA and relatively labor-intensive image analysis that is required to generate the blood flow data. Due to the non-invasive nature of OCTA, several studies have taken advantage of OCTA to assess FAZ size and shape in subjects with RVOs. These studies have confirmed the above findings and provided novel information about the layer specific nature of impaired perfusion in RVO subjects. For example, several studies of RVO show a decrease in both superficial and deep capillary plexus density, FAZ enlargement, and microvascular abnormalities (Rispoli et al., 2015; Coscas et al., 2016) . One such OCTA study of 54 subjects with RVO (29 CRVO and 25 BRVO) attempted to characterize qualitative OCTA features, such as disruption of the perifoveolar capillary arcade, capillary abnormalities, central cysts, nonperfusion "greyish" areas, and deep capillary plexus . The study included subjects with macular edema. This study showed disruption of perifoveal capillary arcade in 92% of eyes on OCTA and 72% on FA. Perifoveal capillary arcade changes in the superficial capillary layer and network disruption in the deep capillary layer were significantly correlated with peripheral retinal ischemia, as defined by a region of 10-disc diameters or more on FA. However, peripheral ischemia by FA was only noted in 63% of eyes with perifoveal capillary disruption on OCTA. Intraretinal cystoid spaces were noted in 68% of eyes on FA, 75% on OCT, and 90% on OCTA. Nonperfusion "greyish" areas were significantly more frequent in the deep capillary plexus than in the superficial capillary plexus. Intra-and interobserver agreement for OCTA parameters was between 0.61 and 0.82. The authors conclude that OCTA can assess both perfusion and macular edema. There was no correlation between OCTA parameters and BCVA on ETDRS charts. FAZ was not specifically measured .
In the above studies, it is unclear how segmentation variability due to macular edema and retinal atrophy were addressed, but the results confirm the importance of density and morphology assessments in this disease. Another prospective OCTA study of 24 subjects with CRVO and without macular edema was performed to measure FAZ and correlation with ETDRS best corrected visual acuity. In this study, all subjects were treated with anti-VEGF agents to resolve edema before OCTA. Therefore, the confounding effect of macular edema on segmentation should be minimal. Mean superficial FAZ area was 0.76-mm 2 and mean deep FAZ area was 1.12-mm 2
. A multivariable regression analysis showed a significant negative correlation between the BCVA and the superficial FAZ area, but not the deep FAZ area. Disruption of the ellipsoid zone was significantly correlated with poorer vision and larger superficial FAZ. Six subjects had enlargement of the DRL beyond the 3x3-mm 2 field, thus precluding accurate measurement. The authors conclude that the DRL in CRVO is more susceptible to capillary loss (Casselholmde Salles et al., 2016) .
As we have mentioned throughout this paper, the field-of-view is one of the main limitations of current OCTA devices. Most studies use 3 x 3-mm 2 macular fields as a proxy of capillary changes throughout the retina. However, due to recent improvements in the field-of-view of commercial devices, some investigators have begun to take advantage of this feature. For example, one OCTA study of 23 subjects with RVO (15 CRVO and 8 BRVO) and 8 eyes of 8 age-matched controls were assessed for FAZ size and perifoveal capillary network. Although both 3 Â 3 and 6 x 6-mm 2 images were assessed, only 3 x 3-mm 2 images are illustrated. Mean FAZ in 3 x 3-mm 2 scans was larger in RVO eyes than both fellow eyes (1.13 ± 0.25-mm 2 vs 0.58 ± 0.28-mm 2 ; P < 0.007) and control eyes (0.30 ± 0.09 mm 2 ; P < 0.0001). Mean FAZ was also larger in fellow eyes of RVO subjects compared to controls (0.58 ± 0.28 mm 2 vs 0.30 ± 0.09 mm 2 ; P ¼ 0.01). Approximately 60% of the group had a history of anti-VEGF injections, suggesting that macular edema may still be a confounder in the segmentation of these images. In order to avoid segmentation as a possible confounder, the authors only performed a qualitative analysis of OCTA images in subjects that did not have cystoid macular edema. This suggested a decrease in perfusion in the DRL in all RVO eyes without CME and in 53% of fellow eyes. It is not clear what the corresponding measure is for superficial layer or for subjects with macular edema. Vascular tortuosity and collaterals were also subjectively noted in RVO subject eyes. The results of this paper seem to generalize to both 3 Â 3 and 6 Â 6 mm 2 fields, but a specific comparison of the two field sizes is lacking in the paper . Another OCTA study of 81 eyes from 76 subjects with RVO (49% CRVO, 42% BRVO, 9% HRVO) compared fundus photos, FA, and OCTA findings for 3 Â 3 and 8 Â 8 mm 2 images. Notably, out of this group, only 21 eyes had gradable 3 Â 3 mm 2 and 8 Â 8 mm 2 images. This represents one of the fundamental problems with OCTA imaging, since subjects with poorer fixation generally are harder to scan. Despite this, OCTA imaging provides the best method for safely visualizing retinal capillaries because it is non-invasive. In this study, there was good agreement between OCTA and FA for the area of impaired perfusion (ICC 0.825 for 3 Â 3mm scan and 0.891 for 8 Â 8mm 2 scan). This study also demonstrated that 46% of eyes had areas of impaired perfusion and 32% had retinal neovascularization outside the 8 Â 8 mm 2 scan area. Approximately 18% only had neovascularization outside the 8 Â 8 mm 2 scan area. Therefore, even though the field-of-view is constantly improving, clinicians and investigators should be conscientious of potential findings outside the OCTA field (Cardoso et al., 2016) . The findings from the above studies and others suggest that OCTA is useful for diagnosis and management of retinal vascular complications of RVO in the macula. Similar to the discussion above for DR, a systematic and quantitative description of the changes in capillary density and morphology in RVO has been lacking and would be very helpful in research studies, and even clinical management, if it were shown to be reliable and reproducible. In an OCTA study of RVO subjects, Koulisis et al. has taken a step in this direction using several quantitative OCTA metrics. Koulisis et al. show that a combination of OCTA metrics describing retinal capillary density and morphology correlates well with the clinical severity of RVO (Koulisis et al., 2016) . In that study of 58 eyes with RVO and 26 control eyes, both non-segmented (full thickness) retinal capillary measurements and segmented (superficial and deep capillary layer) capillary measurements showed significantly lower fractal dimension and skeletal density compared to controls. Fractal dimensions, vessel densities, and skeletal densities were also significantly lower in the RVO eyes than in the contralateral eyes of RVO subjects. Most interesting, all of these parameters progressively decreased as the clinical severity of RVO increased (BRVO versus CRVO). Similar to Kim et al.' s study of OCTA-based metrics in DR discussed above, the findings in Koulisis et al. suggest that OCTA-based metrics of morphology and density can be useful in quantifying RVO severity. At this point, since RVO severity is essentially a binary classification (BRVO vs CRVO), an objective and quantitative classification system would be very useful in clinical trials and clinical management. For example, recent studies have shown that anti-VEGF treatment in RVO subjects can stabilize or even reverse nonperfusion on FA (Sophie et al., 2013) . However, Falavarjani et al. recently showed that there is no difference in retinal capillary density or FAZ area in subjects with RVO after a single intravitreal injection of anti-VEGF agents for macular edema (Ghasemi Falavarjani et al., 2017) . Just as in DR, it is likely that longterm studies are necessary to show any significant changes. In addition, the segmentation and layer classifications will need to be standardized and revisited in these studies to ensure that the best metrics are being used to detect what are likely to be subtle changes.
Retinal arterial occlusion (RAO)
Similar to RVO, OCTA may have an important role to play in the diagnosis and management of RAO. There are very few studies that have applied OCTA imaging to RAO perhaps because of the low incidence and prevalence of this retinal vascular disease compared to others. However, at least one study has demonstrated that OCTA can demonstrate the impaired perfusion in RAO effectively and may even demonstrate remodeling of the capillary layers over time . We have one example of a subject with a chronic branch RAO who presented with minimal symptoms and excellent vision. The clinical examination of this subject was almost unremarkable, except for a slightly atrophic appearance of some regions of the superior macula and retina. The subject refused FA, but OCTA clearly shows the extent of capillary and neurosensory loss in the superior macula (Fig. 8) .
Glaucomatous optic neuropathy
OCTA studies of glaucoma have demonstrated reduced perfusion in the optic nerve head, peripapillary retina, and even macula, and support the promise of OCTA as an additional modality to aid clinicians in the early detection and monitoring of glaucoma. Fig. 9 illustrates a prominent defect in the peripapillary capillary plexus of a subject with glaucoma compared to a normal subject. While the association between reduced perfusion and glaucomatous damage has been established in recent OCTA studies, we still do not know whether reduced perfusion merely results from loss of retinal ganglion cells and their axons or whether microcirculation changes can predict and help contribute to subsequent retinal ganglion cell loss. Current cross-sectional studies lay the framework for OCTA's future potential to elucidate the vascular component of the pathophysiology underlying certain types of glaucoma. An et al. and Jia et al. were the first to describe OCTA imaging of the human optic disc microvasculature in 2012 Jia et al., 2012a ). An et al. used the optical microangiography technique of OCTA to demonstrate the high-resolution relationship of optic disc microvasculature with its laminar structure . Jia et al. used the SSADA algorithm with SS-OCTA and demonstrated, in a small pilot study, the reduced optic nerve head perfusion in early preperimetric glaucoma eyes as compared to normal eyes .
Several studies have since used OCTA to quantify perfusion differences of the full thickness optic nerve head between glaucoma and normal eyes. Jia et al. introduced a new disc flow index (which is defined as the average decorrelation value within the disc) and demonstrated that their glaucoma patients experienced a 25% reduction in disc flow index compared to normals. The disc flow index correlated significantly with visual field pattern standard deviation, but did not show significant correlation to average retinal nerve fiber layer (RNFL) thickness nor average rim area . In a larger study, Wang et al. evaluated both disc flow index and vessel densities of the entire optic disc in open angle glaucoma patients and demonstrated a diagnostic accuracy of 0.82 for disc flow index and 0.80 for vessel density. They also reported a correlation between these perfusion parameters and glaucoma stage severity, RNFL thickness, ganglion cell complex thickness, and visual field mean deviation among open angle glaucoma patients (Wang et al., 2015) . Leveque et al. evaluated vessel density of the entire optic nerve head as well as the temporal disc (in order to avoid contributions from large vessels) and reported a significant reduction in both parameters in glaucoma patients as compared to normal. Additionally, they demonstrated significant correlations between temporal and total optic nerve head vessel density with RNFL, ganglion cell complex, visual field mean deviation, and visual field index (Leveque et al., 2016) .
Rather than using the full thickness optic nerve head slab, Chen et al. isolated the pre-laminar layer to report perfusion differences between glaucoma and normal eyes, with good repeatability and reproducibility (Chen et al., 2016a,b) . In addition, Chen et al. introduced two new indices, termed flux and normalized flux, and demonstrated good repeatability and reproducibility. Flux was defined as the mean flow signal intensity over the entire optic nerve head (ONH) area. Normalized flux, with the intent of avoiding bias from reduced vessel area in glaucomatous eyes, was the flux normalized by the vessel area. In this study, they reported a significant reduction of flux, vessel area density, and normalized flux in glaucoma eyes. In addition, they reported a significant correlation to be present between these parameters and visual field mean deviation, pattern standard deviation, RNFL, and rim area (Chen et al., 2016a,b) . Bojikian et al. also compared ONH perfusion between normal tension glaucoma eyes and primary open angle glaucoma eyes (with higher baseline intraocular pressures). While they reported reduced flux, vessel area density, and normalized flux in glaucomatous eyes compared to normals, they did not identify a difference between normal tension glaucoma and primary open angle glaucoma eyes. Additional longitudinal studies on these comparisons will be useful in the future to validate these findings (Bojikian et al., 2016) .
Much of the subsequent work on OCTA in glaucoma has been focused on the peripapillary microcirculation, which has the benefit of fewer artifacts from large blood vessels and from disc anatomy variation, such as tilted discs, making it more difficult to segment particular layers. By using full-thickness retinal angiograms, Liu et al. were the first to demonstrate significantly reduced peripapillary flow index and peripapillary vessel density in glaucomatous eyes compared to normal eyes, with strong diagnostic accuracy (0.892 and 0.938, respectively), repeatability, and reproducibility. There was also a strong correlation with visual field pattern standard deviation and glaucoma stage, but not with average RNFL thickness (Liu et al., 2015b) . Yarmahammadi et al. measured whole image vessel density and circumpapillary vessel density of the RNFL layer of open angle glaucoma, glaucoma suspect, and normal eyes and demonstrated strong diagnostic accuracies for differentiating glaucoma and healthy eyes (0.94 for whole image vessel density and 0.83 for circumpapillary vessel density compared to 0.92 for RNFL thickness) (Yarmohammadi et al., 2016a,b) . Scripsema et al. evaluated peripapillary capillary density (excluding large vessels) of the RNFL layer from patients with primary open angle glaucoma and normal tension glaucoma, demonstrating significantly reduced capillary density in these patients as compared to normal (Scripsema et al., 2016) . They found a mildly reduced capillary density in patients with normal tension glaucoma as compared to patients with primary open angle glaucoma (despite similar age and disease stage between the groups). However, it is difficult to infer differences in pathophysiology on normal tension glaucoma versus primary open angle glaucoma from this small study. With a relatively large cohort of 112 glaucoma eyes and 74 normal eyes, Kumar et al. demonstrated a reduced vessel density of the radial peripapillary capillaries with better diagnostic accuracy of composite vascular parameters, in order to discriminate preperimetric glaucoma from normal eyes as compared to structural parameters (Kumar et al., 2016) . Rao et al. also demonstrated strong diagnostic ability of the peripapillary vessel density, particularly the inferotemporal sector, in both primary open angle glaucoma and primary angle closure glaucoma, with similar diagnostic accuracy as RNFL thickness . Suh et al. demonstrated that primary open angle glaucoma eyes with focal lamina cribrosa defects had reduced vessel density both globally and sectorally as compared to eyes with similar glaucoma severities that did not have focal lamina cribrosa defects (Suh et al., 2016a,b) . From these findings, they suggested that focal lamina cribrosa defects and impaired ocular hemodynamics are etiologically related, as suggested in prior research (Burgoyne, 2011) .
Chen et al. demonstrated a significantly reduced peripapillary flux index and vessel area density, both globally and in particular quadrants of glaucomatous eyes. They also reported a strong correlation between these perfusion metrics and structural and functional measures of glaucoma (RNFL thickness and visual field mean deviation) . Additionally, Mammo et al. utilized a speckle variance-based SS-OCTA, to demonstrate significant reduction in radial peripapillary capillary density (using a manual tracing technique) in unilateral glaucoma eyes compared to fellow eyes, glaucoma suspect eyes, and normal eyes. They, too, demonstrated a strong correlation with RNFL thickness and visual field index (Mammo et al., 2016) . Akagi et al. looked specifically at primary open angle glaucoma eyes with hemifield visual field defects and reported peripapillary vessel densities of the inner retina as well as the full thickness of ONH vessel density. They reported reduced vessel densities and reduced RNFL thickness of peripapillary and ONH regions corresponding to the visual field defects. Interestingly, they found reduced RNFL thickness in the regions not corresponding to visual field defects, but did not see a reduction in the vessel density in these locations (Akagi et al., 2016) . From this preliminary finding, they suggested that peripapillary microvascular reduction may occur after RNFL thinning and that vessel density may be more closely correlated with visual function than RNFL thickness. Corroborating the latter conclusion, Yarmohammadi et al. recently reported that visual field mean deviation had a stronger correlation with circumpapillary vessel density and whole image vessel density than with either RNFL thickness or rim area, also suggesting that vascular perfusion may be more closely correlated with visual function than RNFL thickness . They hypothesized that sick retinal ganglion cells and their axons may have reduced perfusion before apoptosis actually occurs, thus having stronger correlation with visual field measures. If these findings are confirmed in larger studies, clinicians and researchers alike may be using OCTA to detect sick, poorly functioning retinal ganglion cells that may benefit from either aggressive IOP-lowering treatments or neuroprotective treatments. While pronounced IOPlowering surgery has already been shown to reverse visual field damage, presumably salvaging sick retinal ganglion cells before apoptosis (Pederson and Herschler, 1982; Tsai et al., 1991; Gandolfi, 1995; Wittstrom et al., 2010; Caprioli et al., 2016; Waisbourd et al., 2016) , OCTA may provide the tool needed to identify patients with salvageable retinal ganglion cells.
Rao et al. has published the first report looking at macular perfusion (of the inner retinal layer from inner limiting membrane to inner plexiform layer; globally and sectorally) in glaucomatous eyes and compared its diagnostic accuracy to that of ONH and peripapillary regions. They showed that peripapillary vessel density actually had greater diagnostic accuracy than ONH and macular regions. The finding that diagnostic accuracy of macular perfusion was inferior may be due to the fact that retinal ganglion cell axons, not their cell bodies, which make up the ganglion cell layer in the macula, are involved in glaucoma pathogenesis (Burgoyne, 2011) . Alternatively, it may be related to their methodology of using a 3 mm x 3mm scan, which may not be sufficient to see the area affected by glaucoma. ONH perfusion was likely inferior to peripapillary perfusion due to the fact that measuring perfusion of the ONH is complicated by large variations in disc anatomy and prominence and variations of large vessels within the disc. More recently, Takusagawa et al. also evaluated macular perfusion in glaucoma using 6 mm x 6mm scans and noted significantly reduced perfusion in the superficial vascular plexus of glaucoma compared to normal eyes, with much higher diagnostic accuracy than that reported by Rao et al. In addition to the large scan area, this study utilized projection resolution algorithms to reduce flow projection artifact in generation of en face images and utilized quantification algorithms with reflectance compensation to reduce artifact from media opacities. Such improvements to software algorithms will continue to increase the clinical utility of OCTA in glaucoma.
Finally, Suh et al. has published the first report looking at a cohort of glaucomatous eyes that had DRL dropout, providing insight into potential vascular etiological factors . They found that focal lamina cribrosa defects, more advanced glaucoma, reduced RNFL vessel density, thinner choroidal thickness, and lower diastolic blood pressure were all associated with peripapillary DRL dropout. These findings suggest possible disruption of the microvasculature within the laminar tissue, and the association of thinner choroid and lower diastolic blood pressure may suggest etiologic factors for reduced perfusion and subsequent glaucomatous damage. Longitudinal studies will need to validate these findings.
The current body of literature already demonstrates the precision to which OCTA can identify microvascular changes in glaucomatous eyes. OCTA may someday augment structural OCT measures, such as RNFL thickness in early glaucoma detection. Future studies will verify whether OCTA can truly detect reversible glaucomatous changes (e.g. reduced perfusion from sick retinal ganglion cells) that will allow clinicians to intervene and prevent vision loss. Additionally, OCTA, more so than its precursor technologies, has the potential to clarify the degree to which microvascular changes contribute to subsequent glaucomatous damage. Prior to such longitudinal studies, it will be important for us to first understand the ocular, systemic, and physiologic factors (Alnawaiseh et al., 2016; Yang et al., 2016 ) that also affect microvascular perfusion, so that we can accurately identify cause-andeffect relationships in the future. Never before has the elucidation of vascular mechanisms in glaucoma been so palpable.
Non-glaucomatous optic neuropathy
A few studies have begun to explore optic nerve head and peripapillary microcirculation findings in non-glaucomatous optic neuropathies. Wang et al. described the optic nerve head and parafoveal perfusion findings in patients with multiple sclerosis, an inflammatory autoimmune disease of the central nervous system characterized by widespread endothelial dysfunction which often manifests with optic neuritis. They demonstrated that multiple sclerosis patients with a history of optic neuritis had a reduced disc flow index compared to patients with multiple sclerosis that did not have an optic neuritis history as well as normal controls . Hata et al. described reduced optic nerve head and peripapillary microcirculation in a cohort of 15 chronic nonarteritic ischemic optic neuropathy eyes compared to normal controls OCTA. Interestingly, while the peripapillary RNFL and visual field defect correlated with peripapillary vessel density, they did not correlate with optic nerve head vessel density. They hypothesized that this may be due to the fact that in acute nonarteritic ischemic optic neuropathy, disc swelling may cause additional damage to neighboring capillaries within the optic nerve head, leading to more diffusely reduced vessel density within the optic nerve head. Falavarjani et al. also recently described the findings of 21 eyes with disc edema, pseudoedema, or atrophy as compared to healthy normal eyes using SS-OCTA. They observed reduced peripapillary microvasculature in the regions of RNFL loss. In Lebers hereditary optic neuropathy patients with pseudo-disc edema, they were able to visualize telangectactic vessels characteristic of the disease (Ghasemi Falavarjani et al., 2016) . These findings have also been observed by others (De Rojas, Rasool et al., 2016; Takayama et al., 2017) . As with glaucoma, OCTA has great potential to explore many unanswered questions about the specific vascular mechanisms underlying several optic nerve disorders.
Age-related macular degeneration (AMD)
AMD can be classified as early, intermediate, or late depending on the presence of drusen, pigmentary changes, geographic atrophy, and CNV (Ferris et al., 2013) . While structural OCT can be used for the routine diagnosis and monitoring of these AMD stages in patients (Rosenfeld, 2016) , OCTA greatly facilitates the diagnosis and management of macular neovascularization by directly and non-invasively visualizing the neovascularization within the macula, even in the absence of exudation (Fig. 10) . OCTA can monitor changes in the size and configuration of the neovascular complex before exudation begins and before treatment is initiated. In addition, OCTA is useful for following changes in the neovascular complex while treatment is underway with inhibitors of vascular endothelial growth factor. 8.6.1. Neovascular or wet age-related macular degeneration (NVAMD)
Traditionally, three types of neovascularization in AMD have been described based on the location of abnormal vessels in subjects with AMD. Dye-based angiography has been used to infer the type of neovascularization in the clinical setting but is not always definitive (Freund et al., 2010) . The location of CNV can also be frequently identified based on structural OCT but the presence of subretinal hypereflective material can make it difficult to determine the nature of structural OCT changes. With different OCTA segmentation strategies, it is now possible to visualize neovascularization directly as shown in Fig. 10 : neovascularization under the RPE (Type 1) (Moult et al., 2014; Kuehlewein et al., 2015a) , under retina and above the RPE (Type 2) (El Ameen, Cohen et al., 2015) , and within the retina (type 3) (Phasukkijwatana et al., 2017; Tan et al., 2017) . Both Type 1 and Type 2 neovascularization are derived from the choroidal circulation and are referred to as CNV. However, type 3 neovascularization arises directly from the retinal circulation and is initially found within the retina. Type 3 neovascularization is also referred to as retinal angiomatous proliferation. Studies have compared the detection of CNV using OCTA and traditional dye-based angiographic imaging, and SD-OCTA appeared to be inferior to FA for the detection the CNV (Costanzo et al., 2016; Gong et al., 2016; Inoue et al., 2016) ; however, OCTA did prove useful in many of the cases. For the best visualization of CNV under the RPE, a longer wavelength of light is probably necessary, which should result in better penetration through the RPE, less sensitivity roll-off, and a better signal to noise ratio. Compared with SD-OCTA, which uses a center wavelength of 840-nm, SS-OCTA uses a longer wavelength of 1050-nm. Three groups have reported that SS-OCTA imaging was better than SD-OCTA for identifying more of the CNV based on boundary identification and detection of discrete lesion characteristics Told et al., 2016) . However, a limitation of these studies was the use of different segmentation strategies to visualize the full extent of the neovascular lesions in the two imaging techniques. A recent study done by Miller et al. avoided this limitation by using the same segmentation strategy for both imaging techniques. The boundaries of their en face segmentation slab extended from the outer retina to the choriocapillaris (ORCC slab). In addition, a proprietary projection artifact removal algorithm (Zhangs et al., 2015a,b) was applied to all scans. The results showed that the areas of the neovascularization were measured to be larger with SS-OCTA than with SD-OCTA, and this difference was greater for the 6 Â 6mm 2 scans (Miller et al., 2017) .
SS-OCTA can also be used to reliably identify subclinical Type 1 CNV in asymptomatic eyes with the clinical diagnosis of "dry AMD", also known as non-exudative intermediate AMD . In addition, OCTA has been a useful tool for identifying the presence or absence of choroidal neovascularization in some masquerade conditions, such as adult-onset foveomacular vitelliform dystrophy and central serous chorioretinopathy . For NVAMD, OCT has served as a way to indirectly assess the levels of vascular endothelial growth factor (VEGF) by detecting the absence or presence of exudation or macular fluid. The absence or presence of exudation and whether the volume of a retinal pigment epithelial detachment was changing have proven to be useful OCT indicators for whether therapy with anti-VEGF agents are needed (Rosenfeld, 2016) (Penha et al., 2012; de Amorim Garcia Filho et al., 2013 , Thorell et al., 2014b . Rather than rely on these indirect measures of neovascular activity, OCTA is able to directly visualize the neovascularization and determine whether there are changes in the neovascular lesion that precede the onset or recurrence of exudation, which might allow for more precise management of NVAMD using anti-VEGF (Muakkassa et al., 2015) . If changes observed during OCTA imaging can be used to predict impending exudation, then it might be possible to avoid any future exudation in eyes with non-exudative dry AMD, which contain subclinical neovascular complexes, or in eyes with established exudative disease, in which the exudation is being suppressed with anti-vascular endothelial growth factor therapy using a "treat-and-observe" or "treat-andextend" strategy. These changes in the shape and complexity of neovascular complexes may help guide clinicians when deciding whether to observe or extend an interval between anti-VEGF injections. Moreover, the ability to acquire both structure and flow information noninvasively from a single OCT data-set suggests that OCT imaging will replace most, if not all, of the current imaging now performed using dye-based angiography for the routine management of AMD patients. Now that artifact removal and CNV quantification algorithms are available, it seems likely that SS-OCTA will become the superior imaging technique for the diagnosis and management of NVAMD patients (Zhang et al., 2017a; Jia et al., 2015b; Liu et al., 2015; Zhang et al., 2016c) . However, studies are needed to identify the OCTA parameters that will unambiguously identify neovascularization in AMD patients.
8.6.2. Non-exudative or dry age related macular degeneration Non-exudative AMD in the absence of any CNV accounts for most AMD and is one of the leading causes of vision loss in people over 60 years of age in the developed world (Friedman et al., 2004; Velez-Montoya et al., 2013) . In its early stages, non-exudative AMD is characterized by the presence of drusen and pigment abnormalities, and in its later stage, by the presence of geographic atrophy, which correlates with the loss of photoreceptors, RPE, and choriocapillaris (Ferris et al., 2013; Nunes et al., 2013) . The pathological events leading from early-stage dry AMD to late-stage dry AMD remain poorly understood. However, both histological and OCT-based studies have shown that the earliest detectable changes that characterize the progression of disease occur at the level of the photoreceptors, RPE, Bruch's membrane, and choriocapillaris (McLeod et al., 2009; Wu et al., 2014) . While the initial triggering event remains unknown and is thought to involve complement activation, it still isn't known where this initial insult occurs; however, the choriocapillaris has garnered the most interest. Until recently, the choriocapillaris hasn't been able to be visualized in situ. However, with the advent of OCTA, it is now possible to visualize a vascular layer thought to be the choriocapillaris and to correlate the vascular changes in this layer with structural changes in the outer retina and RPE. Several studies have reported visualizing choriocapillaris in situ in both healthy subjects and AMD patients (Choi et al., 2015; Moult et al., 2016; Nesper et al., 2017; Spaide, 2016) . Due to the limitations of SD-OCTA and its shorter wavelength, the choriocapillaris changes detected using SD-OCTA imaging are often difficult to distinguish apart from the shadowing effect from signal attenuation caused by drusen and the RPE (Nesper et al., 2017; Spaide, 2016) . Thus, SS-OCTA systems have proven to be more reliable for visualizing the choriocapillaris signals. Fujimoto's group used an ultrahigh-speed, SS-OCTA technique to convincingly visualize alterations in the choriocapillaris vasculature (Choi et al., 2015) . By using variable interscan time analysis (VISTA), they showed that SS-OCTA can distinguish varying degrees of choriocapillaris alteration and flow impairment under and around regions of geographic atrophy. Later, the same group studied the eyes with nascent geographic atrophy and drusen associated geographic atrophy . They not only found focal choriocapillaris flow impairment associated with both of these forms of geographic atrophy, they also showed diffused choriocapillaris flow impairment throughout their field-of-view. By documenting these earliest changes in choriocapillaris flow before anatomic abnormalities are observed, SS-OCTA imaging should prove invaluable for studying the onset and progression of AMD and for studying the new therapies designed to prevent vision loss.
Uveitis
Macular abnormalities such as macular edema and choroidal neovascularization are a frequent complication of uveitis. For example, the intraocular inflammation in uveitis is hypothesized to result from the release of inflammatory cytokines that disrupt the inner and outer blood-retinal-barrier, in addition to other structural changes (Freeman et al., 2001) . While choroidal neovascularization is a focal phenomenon, macular edema occurs regardless of the primary location of uveitis, probably due to diffusion of inflammatory mediators. Quantitative and objective analysis of macular involvement in uveitis has largely been limited to measuring retinal thickness with OCT (Antcliff et al., 2000) . Widefield FA has become an essential part of uveitis management, but it is still a qualitative tool and is largely used for evaluation of the retinal periphery (Hong et al., 2013) . The macular complications of uveitis present an important disease entity where OCTA can be applied. A few investigators have already begun to explore this potential ,b, Hassan et al., 2016 Kim et al., 2016b; Levison et al., 2017; Moysidis et al., 2017) . Just as in DR and RVO, OCTA provides excellent resolution of capillary changes in the macula in subjects with vascular complications of uveitis (Fig. 11) and has already been shown to be superior to FA in some cases (Levison et al., 2017) .
OCTA can also potentially play a unique role in defining subclinical microvascular changes that are hypothesized to lead to macular edema. In a recent study, Kim et al. used SD-OCTA based metrics to quantitatively assess the density and morphology of parafoveal retinal capillaries in subjects with a history of uveitis (Kim et al., 2016b) . This study addressed a number of important questions including: are there differences in macular capillary density or morphology (1) between uveitic eyes and healthy eyes? (2) between uveitic eyes with macular edema and those without macular edema? And (3) between uveitic eyes with different anatomic foci of disease activity? This study is also unique in that the investigators used three different image-processing and retinal segmentation algorithms to validate the reliability of their findings. The authors showed that there are significant qualitative and quantitative changes in the parafoveal capillary density and morphology of subjects with uveitis that can be reliably detected using OCTA. The differences identified between healthy and uveitic eyes were consistent and significant whether layer boundaries were defined by semi-automated or manual segmentation methods (Kim et al., 2016b) . These findings strongly suggest that quantitative assessment of parafoveal capillary density and morphology are clinically important and measurable parameters for uveitis.
Macular telangiectasia type 2 (MacTel2)
MacTel2 is a bilateral retinal disease that primarily involves the capillaries of the parafoveal macula (Gass and Blodi, 1993; Charbel Issa et al., 2013) . Although the exact cause of MacTel2 is unknown, clinical and pathologic studies demonstrate loss of retinal transparency, intraretinal crystals, and telangiectatic-like vascular changes that are thought to originate in the deep retinal capillary plexus during the early nonproliferative stages of the disease (Green et al., 1980) . Neovascularization can arise from the retinal vessels and can extend into the subretinal or sub-RPE space leading to exudation and fibrosis (Charbel Issa, Gillies et al., 2013) . This is known as proliferative MacTel2. OCT has been used to accurately identify structural abnormalities in the inner retina including retinal cavitation, disruption of the outer retinal banding patterns, but does not clearly demonstrate anomalous vessels (Charbel Issa, Gillies et al., 2013; Nunes et al., 2015) . Since there is no known pathology involving the peripheral retina in this disease, OCTA is an ideal imaging modality to comprehensively characterize and follow the vascular changes that occur in the macula .
Several studies have demonstrated the application of OCTA to MacTel2 (Thorell et al., 2014b; Spaide et al., 2015c; Zhang et al. 2015c; Toto et al., 2016) . In 2014, a study using SS-OCTA of 41 eyes of 22 subjects with non-proliferative and proliferative stages of MacTel2 demonstrated that OCTA is an ideal modality for qualitatively demonstrating the retinal vascular changes in all stages of this disease (Thorell et al., 2014b) . The investigators concluded that there was obvious agreement between OCTA and FA and that the microvascular changes were better visualized with OCTA in all stages of the disease. While FA demonstrates modest abnormal hyperfluorescence and leakage from the juxtafoveal capillaries in the early stages of MacTel2, later stages of the disease can be characterized by non-specific diffuse hyperfluorescence making it difficult to identify neovascularization on FA. The authors showed that the abnormal vasculature first appears in the deep parafoveal temporal capillary plexus and extends to the superficial capillary plexus. It then extends around the fovea while also extending to outer retina, which is usually avascular. On the other hand, the absence of diffuse staining or leakage on OCTA allows accurate visualization of the abnormal microvasculature and the neovascularization that arises. Fig. 12 illustrates the typical findings from eyes with MacTel2 showing different stages based on spectral domain OCTA imaging (Fig. 12A , early non-proliferative MacTel2; Fig. 12B , intermediate non-proliferative MacTel2; Fig. 12C and D, proliferative MacTel2). In 2016, a study used three-dimensional volume rendered OCTA to demonstrate the relationship of vascular and neurosensory tissue changes in 24 eyes of 16 subjects with MacTel2 (Spaide et al., 2015e) . Because OCTA images are derived from OCT, the scaling and spatial relationship between vessels and neurosensory tissue are preserved between the two imaging modalities. This study was able to demonstrate that areas of cavitation were topographically associated with posteriorly displaced vessels. In addition, the vascular changes were attributed to contraction of retinal tissue, rather than just tissue loss. Unfortunately, no longitudinal studies with volume-rendered OCTA exist so the exact evolution of these changes could not be validated. Collectively, the current studies reviewed above suggest that MacTel2 is a disease in which OCTA can be used for all aspects of management with equal or greater efficacy to FA.
The proliferative form of MacTel2 involves the development of neovascularization that primarily arises from the abnormal parafoveal microvasculature and extends under the retinal circulation as shown by Zhang et al. . In this study, they were able to unambiguously demonstrate that this presumed subretinal neovascularization communicated with the choroidal circulation. This was confirmed on ICG angiography and seen on SS-OCTA. While a choroidal contribution may not be present in all MacTel2 eyes with subretinal neovascularization, it seems to be present in those eyes with exudation associated with an increase in macular thickness, which can be effectively treated with anti-VEGF therapy. After treatment, the contribution from the choroidal circulation to this neovascular complex is even more evident.
Conclusions and future directions
OCTA has yet to achieve broadly accepted and definitive clinical indications but it is clearly on the path to becoming a revolutionary tool in the diagnosis and management of retinal vascular diseases. While commercial OCTA devices have only been available for a few years, the clinical and research impact of these systems is growing rapidly. Clinical adoption of the commercial systems has been rapid, despite several logistical hurdles, including the lack of reimbursement and questions regarding the role of OCTA, FA, and ICG. Nevertheless, it is clear that OCTA is at least as good as invasive dye studies for the macular complications of retinal diseases, such as DR and RVO. The main limitation of OCTA in clinical applications for these diseases is the field-of-view, but that will likely change as commercial systems adopt larger scan patterns. The recent announcement of the FDA approval of the SS-OCTA PLEX ® Elite 9000 system (Carl Zeiss Meditec), which has up to a 12-mm 2 fieldof-view and is designed for research applications to better understand the clinical potential of OCTA, is a clear example of this. Another limitation of SD-OCTA systems is the difficulty with detecting CNV in diseases such as AMD. SS-OCTA systems (e.g. PLEX ® Elite 9000) with longer wavelengths of coherent light will likely overcome these limitations although these systems are still very early in their clinical evolution. For the spectrum of retinal vascular disease that have been managed with invasive dye studies, it is very likely that OCTA will gradually become the dominant modality for both diagnosis and management. For diseases such as glaucoma, OCTA provides a novel tool to assess the peripapillary capillary plexus which was not previously visualized on any commercial imaging modality. Lastly, for all of these clinical applications, there will be an ongoing struggle to understand 3D vascular and anatomic structures in 2D, until we develop computational methods that can provide fast, reliable, and meaningful 3D representations and quantifications of the data. Given the speed with which clinical interest is evolving around OCTA, it will not be long before all of these limitations will be overcome. It is our opinion that OCTA stands to change the practice of ophthalmology in the next 10 years as profoundly as OCT has changed it in the past 10 years. 
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